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Our world is facing food crisis currently and the productivity of rice, a staple food 
for more than half of the world’s population especially in Asia, has to increase in order to 
feed the ever increasing population.  Strategies to increase rice production and decrease 
yield loss due to biotic and abiotic stresses have been adopted and elite, high yielding and 
stress tolerant varieties are being developed. Though traditional breeding has been 
successfully implemented for this purpose, due to its inherent problems, transgenic 
approach has been used as an alternative strategy. In order to develop such elite varieties 
through transgenic approaches, it is imperative to identify and functionally characterize 
rice genes through functional genomics.  
In the present investigation transcriptomics and transposon insertional 
mutagenesis techniques were used for functional genomics in rice. We examined the 
expression profile of rice genes by transcriptomic approach to identify novel genes which 
were responsive to multiple stresses like abiotic and/or biotic stresses. In another 
approach, the maize Ac/Ds transposable element system was utilized to generate a large 
pool of Ds insertion lines. This thesis consists of different chapters of which chapter 3 
depicts the identification of genes that respond to multiple stresses from three different 
mutli-gene families, chapter 4 describes the generation of Ds insertion lines and 
behavioral studies of Ac/Ds transposable element system and finally, chapter 5 deals with 
the detailed analysis of a semi-dwarf mutant that was identified from Ds insertion lines. 
The functions of the majority of GRAM domain proteins are still unknown. We 
have performed a rice genome-wide search to identify members of GRAM domain 
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containing gene family and found seventeen-members in the rice genome. Under normal 
growth conditions, expression patterns of fifteen genes from this family were analyzed 
using qRT-PCRs in six different rice tissues and the entire set of genes showed 
differential expression patterns. Upon various biotic, abiotic stresses and ABA treatment, 
GRAM domain genes showed highly divergent expression patterns which unraveled the 
complexity of functions of GRAM domain gene family. 
Likewise, a genome-wide identification of the RIP family genes in rice was 
performed. Our data showed that rice genome encodes at least 31 members of this family 
and they all belonged to type 1 RIPs. Subsequently, we analyzed their expression under 
biotic (bacteria and fungus infection), abiotic (cold, drought and salinity) and the 
phytohormone ABA treatment. These data showed that some members of this family 
were expressed in various tissues with differential expression levels whereas several 
members were not expressed either under normal growth conditions or various 
environmental stresses. On the other hand, the expression of many RIP members was 
regulated by various abiotic and biotic stresses. 
Similarly, we have analyzed the rice genome sequence databases publicly 
available and predicted 103 genes encoding WRKY transcription factors. Subsequently, 
we analyzed their expression profiles under normal and abiotic stress as well as various 
hormone treatments. Under normal growth conditions, 65 WRKY genes were expressed 
differentially either in their transcript abundance or in their expression patterns. 
Under abiotic (cold, drought and salinity) stresses and various phytohormone treatments, 
54 WRKY genes exhibited significant differences in their transcript abundance, among 
them 3 genes were expressed only under stressed conditions. Among the stress-inducible 
 xv
genes, 13 genes were regulated only by abiotic stresses, another set of 13 genes were 
responsive to only phytohormone treatments and the remaining 28 genes were regulated 
by both factors, suggesting an interaction between abiotic stress and hormone signaling. 
Based on our expression analysis, we suggest that each member from GRAM domain, 
RIP and WRKY gene families may play a specialized roles in a specific tissue or stress 
condition and may function as a regulator of environmental and hormonal signaling. 
A two-element Ac/Ds gene trap system was successfully established in rice (Oryza 
sativa ssp. japonica cv. Nipponbare) to generate a collection of stable, unlinked and 
single-copy Ds transposants. The germinal transposition frequency of Ds was estimated 
as 51~59% by analyzing different batches of Ds transposants families. Ds flanking 
sequences showed that 88% of them were unique, whereas the rest were within T-DNA. 
One-third of Ds flanking sequences were homologous to either cDNAs or rice ESTs 
confirming a preference for Ds transposition into coding regions. High germinal 
transposition frequency and independent transpositions among siblings showed that the 
efficiency of this system is suitable for large-scale transposon mutagenesis in rice. 
A systematic analysis on various aspects of the silencing phenomenon in rice was 
carried out. The results showed that there were no transposons silencing during the 
propagation of parental lines at least up to T5 generation. Moreover, the stably transposed 
Ds element was active even at F5 generation, since Ac could remobilize Ds element as 
indicated by the footprint analysis of several revertants. The BAR gene expression was 
monitored from F3 to F6 generations in more than thousand lines. Strikingly, substantial 
transgene silencing was not observed in all the generations tested. We analyzed the 
timing of transposition during rice development and provide evidence that Ds transposes 
 xvi
late after tiller formation. The secondary transposition events were ruled out by analyzing 
possible footprints with reciprocal PCRs. Our study validates the Ac/Ds system as a tool 
for large-scale mutagenesis in rice. We propose that harvesting rice seeds from individual 
panicles separately is an alternative way to increase the number of independent 
transposants due to post-tillering transposition. 
An oscyp96b4, a homozygous Ds insertion mutant was identified from our 
collection of insertion lines. This mutant exhibited semi-dwarf phenotype with reduced 
panicle size, seeding rates and defect in pollen germination when compared with the wild 
type (WT).  Cryo-SEM of mutant leaf sheath showed reduced cell size, suggesting a 
defect in cell elongation. Flanking sequence tag analysis showed the Ds insertion into 
OsCYP96B4 gene. This gene was devoid of intron and encoded a 60.5 kDa protein. 
Segregation analysis revealed that the phenotype co-segregated with the Ds and 
revertants confirmed that the dwarf phenotype was due to the insertion of Ds element into 
OsCYP96B4 gene. The exogenous treatment of brassinosteroid and gibberellins had no 
pronounced effect on oscyp96b4 when compared with WT. The OsCYP96B4 gene 
expressed in all the tissues tested with highest expression level in the panicles and lowest 
level in the roots. Promoter::sGFP analysis also revealed similar results. Ectopic-
expression of OsCYP96B4 gene under maize ubiquitin promoter resulted in severe 
dwarfism. However, when the native promoter was used to over-express this gene, 
transgenic plants with a range of heights were generated, which was found to be 
negatively correlated with the transcript abundance. The native OsCYP96B4 gene 
complemented the dwarf phenotype and plants expressing dsRNAi of OsCYP96B4 gene 
mimicked the mutant phenotype. This OsCYP96B4 gene was classified under clan 86 of 
 xvii
CytochromeP450s which function as fatty acid hydroxylases. Lipid profiling analysis of 
mutant and wild-type plants showed minor changes in the level of long chain unsaturated 
fatty acids, which is not statistically significant. Estimation of endogenous GA levels 
revealed that mutant had elevated level of GA4 and reduced level of GA1. The reason 
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1.1 Importance of Rice, a model plant for monocots 
Rice is the second most widely grown important cereal crop in the world and 
serves as a staple food for more than half of the world’s population. Approximately 70% 
of the required daily dietary calories are derived from rice. In addition, rice also serves as 
a model crop for monocots due to its relatively small genome size among major cereal 
crops, synteny or co-linearity of its genome with other cereals like barley, corn and 
wheat. Besides, the availability of physical, genetic, molecular datasets like ESTs, 
markers, maps as well as ease of transformation place rice as a superior model crop plant 
for monocots. By the concerted international efforts, whole genomes of the rice (Oryza 
sativa ssp. cultivars Nipponbare (japonica) and the 93-11 (indica) have been sequenced 
(Yu et al., 2002; Goff et al., 2002). The International Rice Genome Sequencing Project 
(IRGSP) was established in 1997 to obtain a high quality, map-based sequence of the 
cultivar Nipponbare by an international consortium. In December 2004, the IRGSP 
completed the sequencing of the rice genome. The high-quality and map-based sequence 
of the entire genome is now available in public databases (International Rice Genome 
Sequencing Project, http://rgp.dna.affrc.go.jp/IRGSP/). 
1.2 Rice Production and Challenges associated with it 
Plant growth and productivity are under constant threat by the environmental 
challenges. The world is facing food crisis because of the rapidly growing population and 
constant decrease in cultivable lands due to global environmental changes. In addition, 
abiotic stresses like cold, drought, salinity and flooding append more pressure to the rice 
 2
productivity and yield. Besides these challenges, biotic stresses like bacterial diseases, 
fungal and viral infections and insect attacks damage the crops and augment the loss of 
crop yield. To sum up, all these stresses greatly affect the growth and reduce crop yield 
tremendously. International Rice Research Institute (IRRI) proposed that we are loosing 
one hectare cultivable land in every 7.67 seconds. Thus it is imperative to develop 
techniques to address these issues and increase the crop yield potential so as to feed the 
rapidly growing population. 
1.2.1 Abiotic stresses 
1.2.1.1 Cold or low temperatures 
Cold is one of the harsh climatic factors, which damages many crop species and 
every year about two thirds of the world’s land is facing the low temperatures including 
freezing. Cold reduces the cultivated land area as well as the growing seasons of crops 
including rice. Cold increases the solute concentration and decreases the availability of 
liquid water for plant growth. Low temperature affects rice in both seedling and heading 
stages. The cold stressed rice plants grow slowly and pollen grains get aborted which 
leads to poor growth and loss of seed yield. 
1.2.1.2 Drought stress 
Low availability of water is one of the most important environmental factors that 
limits crop yield all over the world. As rice is a standing water crop, it needs more water 
throughout its development. Drought stress is one of the major limitations for rice 
production and stability of yield in rain fed ecosystems (Dye and Upadhyaya, 1996). 
Exposure to drought stress leads to cellular dehydration, which causes osmotic stress in 
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cells. Drought stress severely affects yield when encountered at the reproductive stage of 
rice plants (Wang et al., 2005).  
1.2.1.3 Salinity stress 
High salinity stress also one of the major constraints for cereal productions world 
wide as over 10% of the irrigated lands in the world have been damaged by salt (Food 
and Agriculture Organization, 2002). In Asia alone, 12 million hectares of cultivated land 
are affected by high salt. Even though rice can resist the salt stress during germination, 
active tillering, and towards maturity, early seedling and reproductive phases are very 
sensitive stages, which leads to lower yield (Lafitte et al., 2004). Similar to drought 
stress, salinity stress also leads to cellular dehydration. After the tsunami in 2004 more 
land in Asia became unsuitable for rice cultivation due to high salinity. 
1.2.2 Biotic stress  
The biotic stresses like insects and pathogen attacks affect the crop growth and 
yield. Stem borers are the most destructive and common rice insect pest (Nguyen et al., 
2006). Of the other biotic stresses, two major diseases severely damage the rice plants 
namely, fungal blast caused by Magnaporthe grisea and bacterial blight caused by 
Xanthomonas oryzae in the tropics and sub-tropics (Motoshige Kawata, 2005). It is 
estimated that the damages caused by diseases and insects account to yield losses of up to 
25% annually. 
1.2.3 Challenges in rice production  
Demand for rice is expected to continue in the future due to the population 
increase in the world especially in Asia where highest amount of rice is consumed. The 
current world rice production amounts to 520 million tones and in order to meet projected 
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global demand for rice, the production must increase around 70% to nearly 880 million 
tones by 2025 (Source: IRRI Press Releases, 2008). To avoid the food crisis, it is crucial 
to adopt several strategies such as developing elite varieties that yield higher amount of 
grains, tolerate stresses and so on, to increase rice production. 
1.2.4 Strategies to alleviate pressure on rice production 
To address these issues, rice researchers have been using multiple strategies 
including traditional breeding, transgenic technology, genomics and functional genomics 
approaches. Despite the development of elite varieties through traditional breeding, this 
technology poses several limitations. Firstly, this approach is time consuming as one need 
to select the traits for several generations. Secondly, the sexual hybridization between 
some species is not always successful. Finally, traits can be only introduced one by one in 
traditional breeding.  On the other hand, genetic engineering can be a method of choice to 
overcome some of these limitations posed by traditional breeding. By this method, the 
expression of genes that are regulated by various stresses can be altered in transgenic 
plants by over- or under-expression tools. For example, improved drought and low-
temperature tolerance have been shown in tobacco by over-expression of DREB1A 
(Shinozaki et al., 2003). In the genomic era, where complete genome sequences of 
organisms are available, the global or genome wide approaches have been used to explore 
the molecular natures of gene expressions and regulations and thus to narrow down 
specific genes that can combat multiple stresses. 
1.3 Genomics  
Genomics is a discipline focusing on the study of poly deoxyribonucleic acid 
(DNA) molecules within a single cell of an organism. Genomics includes intensive 
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efforts to determine the entire set of DNA sequences and fine genetic mapping of 
genomes, as well as the analysis of the information encrypted within these genomic 
sequences. Discovery of DNA structure by Watson and Crick (1953) laid the foundation 
for genomic studies. Subsequently, sequencing of the complete genome of a virus and 
mitochondrion by Frederick Sanger paved the path for establishment of the field of 
Genomics. The term genomics was coined by Dr. Thomas Roderick in 1986 to describe 
the scientific discipline of mapping, sequencing and analyzing the genome. The Human 
Genome Project had been initiated in 1990 to determine the sequence of human genome 
which took a decade for the release of the first draft of sequence in 2000 and completion 
in 2003. Hieter and Boguski in 1997 proposed the divisions of genomics into two 
disciplines namely structural and functional genomics. 
The structural genomics represents an initial phase of genome analysis including 
the construction of high resolution genetic, physical and transcript maps of an organism. 
The complete DNA sequence information forms the ultimate physical map of an 
organism. Structural genomics also signifies the study of the three dimensional structure 
of all proteins of a given organism, by experimental methods such as X-ray 
crystallography, NMR spectroscopy or computational approaches such as homology-
based modeling. By the whole genome sequencing effort, genomes from human, 
chimpanzee, cow, dog, mouse, rat, chicken, zebra fish, Drosophila, various species of 
plants and many other eukaryotic as well as prokaryotic organisms have been sequenced 
or currently being sequenced. Of plants, the whole genome sequence of Arabidopsis 
thaliana a model organism of dicotyledonous plants was the first one to be completed 
(The Arabidopsis Genome Initiative, 2000). As a model for monocotyledon plants, rice 
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genomes of Indica and Japonica cultivars have been completely sequenced (Yu et al., 
2002; Goff et al., 2002; International Rice Genome Sequencing Project, 2005). 
Functional genomics is the branch of genomics which focuses on the study that 
identifies genes and determines their biological functions (Hieter and Boguski, 1997). To 
broadly assign functions to unknown genes, various old approaches are improved and 
new methods are developed. The different methodologies have been developed to form 
their own fields within the functional genomics technological platform and are termed 
transcriptomics, proteomics, metabolomics and phenomics. Among them, transcriptomics 
provides essential tools to carry out genome-wide expression analysis, which is required 
for determining gene’s functions. The structural and functional genomic generate 
enormous biological information day by day. Managing these massive volumes of 
biological data and the preciseness of works manually is nearly impossible and it 
becomes mandatory to use computers for these purposes. The new discipline called 
bioinformatics had been established to overcome these issues. 
1.4 Bioinformatics 
Bioinformatics, one of the building blocks of functional genomics, is defined as 
the development and implementation of computational tools and frameworks for the 
storage, analysis and interpretation of biological information. It is a combined discipline 
of computer science, statistics and biology. The bioinformatics facilitates both the 
analysis of genomic and post-genomic data, and the integration of data from the related 
fields of transcriptomics, proteomics, metabolomics and phenomics by providing the 
computational tools, databases and methods for the efficient management and useful 
interpretations of large-scale biological information generated. The early efforts in 
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bioinformatics were focused on the analysis of DNA sequences data. These were 
involved in the design and integration of DNA sequence databases, the alignment of 
protein and DNA sequences, the assembly of DNA fragments into genomic maps, and the 
prediction of the function of a gene based on the comparison of its sequence with those of 
genes with known function. 
1.5 Plant genome sequencings and annotations  
As on October 21, 2008, 95 eukaryotes, 718 bacterial and 54 archaeal genomes 
have been completely sequenced and the sequencing of 1007 eukaryotes, 2027 bacterial 
and 101 archaeal genomes is in progress based on the information available in Genomes 
on Line Database (GOLD-http://www.genomesonline.org/gold.cgi). In plants, 
Arabidopsis, a small common weed from Brassicaceae family, has been chosen as the 
first reference plant to be sequenced because it has several advantages over other dicot 
plant species. These include detailed genetic characterization, shorter generation time and 
smaller nuclear genome size of about 120 Mbp (Salanoubat et al., 2000). As a model for 
monocot plants, rice genomes have been completely sequenced. The DNA sequence 
information is growing exponentially and these sequences are computationally analyzed 
to determine the regions that might code for a functional protein (open reading frame or 
ORF), structures of the ORF and the regulatory regions of transcription called structural 
genome annotation. Assigning biological interpretation to a DNA sequence referred as 
functional genome annotations. The whole genome sequencing and annotation facilitates 
the functional analysis of genes in plants. To annotate the sequenced genomes, expressed 
sequence tags (ESTs) and full length cDNA sequences were compared with the genomic 
sequences. The completely annotated reference genomes of Arabidopsis and rice will 
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certainly serve as a starting point for the large-scale functional analysis of other plants 
genomes. 
1.6 Transcriptomics  
The transcriptomics is the study of gene expression at RNA level. Although 
mRNA is not the ultimate product of a gene, transcription is the first step in gene 
expression and regulations. Changes in the mRNA levels are related to the rate of 
transcription of a gene and protein levels are also modified based on the fluctuations in 
the relative amount of mRNAs. The genome-wide profiling of gene expression or 
transcripts level is required for understanding gene regulatory networks. High throughput 
analysis of differential gene expression is a powerful tool to identify new genes or to 
obtain the knowledge about certain biological processes on a genomic scale. Some 
commonly used technologies have been developed including DNA microarrays, SAGE- 
serial analysis of gene expression (Velculescu et al., 1995) and cDNA-AFLP-cDNA-
amplified fragment length polymorphism (Bachem et al., 1996). Among these, 
microarrays have been developed into one of the most prominent tools for functional 
genomics. Basically two types of microarray formats are currently used. The first format 
is cDNA microarray (Schena et al., 1995), since cDNA clones or ESTs are printed into 
the arrays as probes. The classical experiment involves the measurement of the relative 
concentration of mRNA in the given two different samples by competitive fluorescent 
two colour hybridization. The fluorophores are red coloured cyanine 5 and green 
coloured cyanine 3 and the ratio of the red and green fluorescence intensities for each 
spot is an indicative of the relative amount of the corresponding DNA probe in the two 
samples. The fluorescence intensities are measured by high resolution scanning device. 
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Thus the cDNA microarrays only provide information on the relative amount of 
transcripts. 
The second format is oligonucleotide-based microarray, where gene-specific 
oligonucleotide sequences are used to produce high density arrays using a griding robot. 
These arrays provide direct information about the abundance of mRNA. The 
oligonucleotides are around 20 base pairs in length and two sets of such probes are 
synthesized for each gene. One set consists of perfectly matched oligonucleotides that are 
designed from unique regions in a gene. Another set consists of mismatched nucleotide in 
the middle of the oligos. Thus, in the presence of a specific mRNA during hybridization, 
the perfectly matched probe will hybridize more strongly than the mismatched one and 
the latter can be used to calculate cross hybridization and the local background signals 
(noise) to normalize transcript level of the gene. 
1.7 Proteomics 
Proteins are vital for living organisms, as they are the main functional 
components of the physiological metabolic pathways of cells. Proteomics is the study of 
entire proteins present in a cell, an organism or tissue under defined conditions (Wilkins 
et al., 1997). Proteomics is often considered as the next step after genomics in the study 
of biological systems, and is more complicated than genomics since genome sequence of 
an organism is constant whereas encoded proteins differ from cell to cell. As different 
sets of genes are expressed in different cell types, the basic set of proteins which are 
produced in a cell needs to be determined. Expression data in mRNA level might not be 
used to explain the function of a gene since not all mRNAs are translated into proteins 
and the amount of translated proteins for a given amount of mRNA is also regulated by 
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the physiological state of the cell. By using tools of proteomics, we can detect the 
presence of proteins and their amount in genome-wide level so that we can compare the 
expression profiles of proteins with that of mRNAs to figure out the relationship between 
transcription and translation under certain physiological conditions. Proteomics can be 
divided into three major areas. The first one is structural study of proteins and, the second 
one is comparative protein studies such as differences due to stimulation by hormones, 
environmental cues or mutations and finally the third one is the study of protein-protein 
interactions. 
1.8 Metabolomics  
Metabolic analysis can be divided into four general areas. The first one is the 
target compound analysis which quantifies specific metabolites and the second one is the 
metabolic profiling dealing with the quantitative or qualitative determination of a group 
of related compounds or members of specific metabolic pathways. The third one is the 
metabolic fingerprinting which refers to classification of sample by rapid, global analysis, 
without extensive compound identification and the last one is the metabolomics which 
deals with qualitative and quantitative analysis of all metabolites. Metabolomics is a high 
throughput approach to profile the metabolites on a genome scale to identify biochemical 
functions of a gene. In addition, metabolomics provides an efficient tool to better reveal 
specific role of a gene in the biochemical process compared to transcriptomics and 
proteomics strategies which deals with the changes in mRNA and protein levels 
respectively. Metabolomics offers a unique opportunity to investigate genotype-
phenotype as well as genotype-environment relationships. Therefore, it is increasingly 
being used in a variety of health applications including pharmacology, pre-clinical drug 
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trials, toxicology, transplant monitoring, newborn screening and clinical chemistry. 
Physicians and scientists around the world are now beginning to realize that metabolic 
profiling could have a significant impact on the diagnosis, prediction, prevention and 
monitoring of many genetic, infectious and environmental diseases in humans. 
Total of 6500 metabolites have been identified in human (HMDB version 2, 
Wishart et al., 2007) in contrast to the plant kingdom in which a range of 90,000 to 
200,000 different metabolites were reported (Holtorf et al., 2002). In metabolomics, 
many spectroscopy-based techniques such as liquid chromatography (LC), gas 
chromatography (GC), high performance liquid chromatography (HPLC), nuclear 
magnetic resonance (NMR), GC coupled with mass spectrometry (GC/MS), LC coupled 
with MS (LC/MS, LC/MS/MS) and LC coupled with NMR (LC/NMR) were used to 
profile the metabolites. This research is grown tremendously nowadays and it provides 
the development of robust protocols and standardization methods. Therefore, it is 
becoming possible for scientists to comprehensively characterize the complement of low-
molecular-weight chemicals in plants. On the other hand, plant metabolite profiling will 
allow the complete analysis of the metabolic consequences of mutations and as a result 
will help towards a better understanding of biochemical networks and their regulations to 
further improve crop plants by metabolic engineering. 
1.9 Phenomics 
Phenomics is the study of the nature of phenotypes and plant phenomics is the 
large-scale analysis of diversity with respect to phenotype. Forward genetics is largely 
based on the screening of mutant plants collection followed by mapping and isolation of 
the mutated gene. Such screens so far have been focused primarily on the discovery of a 
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mutant phenotype that was due to changes in the gene of interest. Recently genome scale 
technologies have been developed as a toolbox of plant functional genomics, where the 
conventional mutant screening is taking the transition from small-scale to large-scale 
phenotype screens of mutant collections (Holtorf et al., 2000). Large-scale phenotypic 
profiling of T-DNA and Ds-insertional mutants had been performed in Arabidopsis 
(Feldmann, 1991; Kuromori et al., 2006). Recently the plant phenomics facility had been 
set up in Australia (http://www.plantphenomics.org.au), which aims to use the phenomics 
with help of genome analysis technologies and tools, for the development of new high 
yielding crops for global food security, novel products for healthy foods, the 
sustainable practices in agriculture to face off climate change, maintenance of 
biodiversity and new strategies for the remediation of degraded landscapes using plants 
as biofactories to produce new pharmaceuticals and other products for industry. 
1.10 Forward and reverse genetics  
In functional genomics, one of the widely accepted approaches is to determine 
gene functions by directly disrupting genes through mutagenesis and analyzing their 
consequential effect on the development of an organism in the subsequent generations. 
Several approaches have been applied to generate mutations and large collections of 
mutants are now available in eukaryotes. These collections were derived from classical 
mutagenesis using mutagens like chemical, high energy and low energy radiations, and 
from insertional mutagenesis using T-DNA, transposable elements or transposons, as 
well as by antisense, virus induced gene silencing activation tagging and RNA 
interference techniques. Forward genetics is the classical genetics where the mutant 
phenotype or biological functions were first identified after which, the mutated genes 
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were isolated. In the reverse genetics approach the sequences of mutated genes were 
identified first and then the biological functions have been studied. Mostly the insertional 
mutagenesis especially transposons have been used for reverse genetic approaches. 
1.11 Types of mutagenesis to study the gene functions 
Mutations in the sequence of a DNA molecule are both permanent and inheritable 
through generations. They not only alter the DNA structure, but when present in protein 
coding regions; they also cause alterations in translated proteins which may lead to 
serious consequences in the development of an organism. The simplest mutations are 
those that alter or change a single base in the DNA sequence, termed point mutations. 
Alternatively, the whole information may be removed from the DNA or gene which is 
referred to as deletion. The deletions may be small (a single base) or large (many kilo 
bases) which could be lethal to the organism. Extra information may be added to a DNA 
molecule which is known as additions. Again, the addition may be as small as a single 
base or as large as a whole block of genes. Single base additions or deletions alter the 
way in which codons are read by the translation machinery by shifting the reading frame 
by one base resulting in frame-shift mutations. 
Mutagens have been used in attempts to induce useful phenotypic variations in 
plants since early last century. The classical or insertional mutagenesis was used to create 
mutations in several organisms. The classical mutagenesis approaches by using physical 
and chemical mutagens showed high efficiency at generating mutations. The physical 
mutagens are ionizing radiation (X-ray, gamma rays, fast neutrons) and ultraviolet light 
(Redei, 1970; Koornneef et al., 1983a). Large number of studies on plants and animals 
suggested that ionizing radiation generated chromosomal breaks followed by DNA repair 
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which creates a variety of chromosomal aberrations like deletions, inversions and 
translocations of chromosomes especially fast neutrons induce deletions at high 
efficiency (Koornneef et al., 1983a). 
The advantage of chemical mutagenesis is that it causes point mutations by base 
pair substitutions at different regions of a particular gene which may result in the loss of 
function of that gene. The chemical mutagens mimic the nucleic acid structures; hence 
can be incorporated into the replicating DNA molecule. The most prominent mutagens 
are base analogs and dyes. Base analogs are mutagenic and have a structure adequately 
similar to the normal bases so that they are metabolized and incorporated into DNA 
during replication, but sufficiently different such that they increase the frequency of mis-
pairing and thus cause mutation. For example, 5-Bromo-deoxyuridine (5UB), a base 
analog is present in two forms. One of them is keto form which mimic thiamine base and 
pair with adenine and another one is enol form which mimic cytosine and pair with 
guanine (Redei, 1970). The second one is alkylators which react directly with certain 
bases and do not require active DNA synthesis (Griffiths et al., 1993). Alkylators are 
most commonly used chemical mutagens for examples Ethyl methane sulfonate (EMS), 
Methyl methane sulfonate (MMS), diethyl sulfate (DES), and Nitrosoguanidine (NG). 
Among these, EMS is the most frequently used mutagen. In addition to these mutagens, 
Nitrous acid, which causes the mutation by oxidative deamination of particular bases, is 
also used to create mutations. 
Mutations can also be created by altering the transcript level of a gene by 
antisense and activation tagging methods. Antisense method refers to a technique where a 
short DNA or RNA sequences that are complementary to a target gene sequence is used 
 15
to bind the endogenous transcript and prevent the translation of functional proteins 
(Jorgensen et al., 1999). The biological means of mutations were induced by insertional 
mutagenesis which occurs naturally in a number of plant species through excision and re-
integration of endogenous mobile DNA segments called transposable elements. In 
addition to these elements, another type of insertional mutagen namely the transfer DNA 
(T-DNA) is widely used to generate mutations. The marker genes and/or desired gene to 
be introduced into plant genome were cloned into T-DNA which is derived from Ti-
plasmid of the soil borne plant pathogen Agrobacterium tumefaciens. This has been 
exploited in plant genetic engineering because of the pathogen’s ability to introduce this 
DNA fragment into higher plant genomes and produces tumor-like growth called the 
crown gall disease. This insertional mutagenesis using known DNA elements greatly 
added the advantages over the classical mutagenesis and it facilitates cloning a gene 
using the inserted DNA as tag (Walbot, 1992). 
1.12 The insertional mutagenesis: T-DNA Vs Transposons 
Insertional mutagenesis using Agrobacterium-mediated T-DNA integration into 
plant genomes has proved to be very successful. This approach has the advantage of 
simplicity as each transformant yields a stable insertion in the genome and does not need 
additional steps to stabilize the insert. Several groups have used this approach in A. 
thaliana to generate tens of thousands of independent transgenic lines that can be used for 
phenotype screens as well as reverse genetics. This approach has also been successfully 
used in rice for functional genomics (Jeon et al., 2000). Despite its success, this approach 
suffers from a few disadvantages like rearrangements of border sequences, integrations of 
multi-copy T-DNA units, making subsequent molecular analysis of the transgenic plants 
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difficult. On the other hand, this mutagenesis may not be efficient for species with low 
transformation efficiency or without established transformation systems. 
Another insertional mutagen is transposons, which are often referred to as 
“jumping genes” as they mobilize themselves from one location to another within a 
genome and the process is referred to as transposition. Transposons were discovered by 
the Nobel laureate Barbara McClintock in 1950 (McClintock, 1950) from maize. 
Subsequently, it was also discovered in bacteria, drosophila and humans. The usage of 
transposons as a mutagen has many advantages. For example, the insertions generated by 
transposons are generally single intact elements, which lend themselves easily to 
molecular analysis. Additionally, the transposons can be remobilized from the disrupted 
gene under suitable conditions in the presence of active transposase. Such excisions can 
result in phenotypic reversion to the wild type or may yield alleles with weaker or 
stronger phenotypes due to the footprints or the excised element may transpose in a 
different location within the same gene, respectively. In addition, the tendency of 
preferential insertion into genetically linked sites of several transposons can be used to 
perform local mutagenesis in a particular region of interest by re-mobilizing the 
transposon. Finally, transposons can be used for insertional mutagenesis in plant species 
where transformation is inefficient, since the generation of new insertions occurs through 
sexual hybridization rather than through transformation. For these reasons, insertional 
mutagenesis using transposable elements offers a few advantages over T-DNA 
mutagenesis (Ramachandran and Sundaresan 2001). The gene trap element carries one or 
more splice acceptor sequence prior to reporter gene and when this element inserted into 
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a gene the splice donor sequences of tagged gene utilize the splice acceptor sequences 
and translates the fusion protein. 
The enhancer trap carries a reporter gene which can reflect the activity and 
regulation of disturbed gene. In the enhancer traps, the reporter gene contains a weak or 
minimal promoter (i.e., TATA-box) and when inserted within or closer to a gene the 
enhancer of that gene is utilized by the reporter gene to achieve the expression. A 
modified version called promoter trap is devoid of any promoter sequences and its 
expression can be achieved only when the insertion occurs down stream to an 
endogenous promoter. 
However, the insertional mutagenesis may not always result in obvious 
phenotypes due to the mutagen’s insertion in non-gene region or due to functional 
redundancy of genes, especially of multi-gene family members. In addition, when 
mutagens are inserted into the genes essential for early embryo development, they result 
in homozygous lethality leading to loss of these lines in the mutant collection. In 
addition, the gene disruptions by the insertional mutagenesis were mostly recessive and 
loss-of-function mutation did not always exhibit any visible phenotypic variation. In 
order to overcome these problems several specialized tagging systems, such as activation 
tagging, have been developed. In this system, very strong ubiquitous enhancers or 
promoters (i.e., 4X Cauliflower mosaic virus 35S) were used as a transcriptional 
activators to ectopically over-express the gene(s) adjacent to the insertion site and as a 
result, observed phenotypes may be dominant and gain-of-function mutations (Hayashi et 
al., 1992). The activation tagging was successfully used in plants using T-DNA (Hayashi 
et al., 1992; Weigel et al., 2000) or transposons (Wilson et al., 1996). 
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1.13 Transposon tagging 
Cloning of a gene using transposon tagging was very successful in maize 
(Fedoroff et al., 1984) and Antirrhinum (Martin et al., 1985) using kernels and flowers 
colorations as a trait which can be easily observed. The tagged genes were involved in 
anthocyanin pigment biosynthesis which was responsible for the colors of the maize 
kernel and Antirrhinum flowers. These mobile elements were identified up to date from 
many different organisms like bacteria (Tn10), Yeast (Ty1), Drosophila (P-element), and 
human (Alu). In plants, many different mobile elements like Activator (Ac), Mutator 
(mu), and Suppressor-mutator/Enhancer (Spm/En) from maize, Tam1 and Tam3 from 
Antirrhinum, Ps1 and Tph from Petunia hybrida, Tag1 from Arabidopsis thaliana Tnr3 
and Tos17 from rice and Slide from tobacco were identified and reported (Ramachandran 
and Sundaresan 2001; Feschotte et al., 2002). 
McClintock identified two interesting loci from maize and named the controlling 
elements as Dissociator (Ds) and Activator (Ac). The Ds is a non-autonomous element 
which lacks one or more of the elements required for transposition and therefore cannot 
transpose independently and its transposition depends on the presence of Ac. The Ac is an 
autonomous element which encodes functional transposase and other factors essential for 
transposition. The Ac/Ds elements were molecularly cloned by Fedoroff et al. (1983a). 
The Ac element was inserted into the waxy gene with 11bp inverted repeats at the ends. 
The element is 4563bp in length with a 200bp left/right border with a Terminal Inverted 
Repeat or TIR in each end, which is necessary for transposition. Besides this, this 
element also encodes a 3.5kb mRNA that is translated into 92 kDa transposase enzyme. 
This enzyme binds to the AAACGG hexamer and transposes the flanked DNA fragment 
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by cut and paste mechanism. Other elements named “Ds” transposons were also cloned 
from maize and of these an element which is almost identical to Ac but with 200-bp 
deletions in the middle of the element was identified. Another 2kb long element with 
2.3kb deletion of the Ac element was cloned. Fedoroff et al. (1983a) concluded that these 
Ds elements were derivatives from the Ac formed by deletion mutations and as a result, 
Ds elements showed difference in their structures. McClintock’s maize Ac/Ds system is 
well studied and has been used in several heterologous systems. 
Another class of mobile elements is called retrotransposons, which are transposed 
through RNA intermediates. Retrotransposons generate relatively stable insertions 
because they transpose via replications. However, the relatively low frequencies of 
transpositions of most plant retrotransposons have restricted their uses for large-scale 
gene tagging. Studies (Hirochika, 1997) showed that the Tos17 retrotransposon could be 
used by reactivating them through tissue culture with high transposition frequencies 
which is suitable for insertional mutagenesis in large-scale. 
1.14 Ac/Ds transposon system for functional genomics in rice (Oryza sativa L) 
The maize Ac/Ds trnsposons system was used as one component or two 
component system. In the one-component system, only the autonomous Ac was used as 
transposons and this system showed high somatic and germinal transposition frequencies 
in rice (Enoki et al., 1999; Greco et al., 2001). The other one is two-component system 
where the immobilized Ac and Ds elements are used. Here, the wing clipped Ac element 
was used only as a source of transposase to mobilize the Ds element in Arabidopsis 
(Sundraresan et al., 1995). In the two components system the Ds elements can be easily 
stabilized in the absence of Ac element. 
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Remobilization of Ds can be achieved by crossing the stable Ds insertion line 
with the Ac transposase line. Gene trap and enhancer trap systems were tested in rice in 
order to obtain stable Ds insertion lines however, there reports showing predominant 
closely linked transposition (Nakagawa et al., 2000; Chin et al., 1999; Upadhyaya et al., 
2002). These studies indicated that the maize Ac/Ds transposon system can be used in 
rice as a potential insertional mutagen, nevertheless more efficient selection system has to 
be developed to increase its utility for rice functional genomics. 
1.15 Aim of the project 
Though rice is the staple food for more than half of the world population, growth 
and productivity is under constant threat by the environmental challenges. The world 
started to face the global food crisis because of the rapidly growing population and 
constant decrease in cultivable lands due to global environmental changes and abiotic, 
biotic stresses. These stresses damages crops by affecting the growth and crop yield. 
Thus it is imperative to increase the crop yield to feed the rapidly growing populations. In 
this project we have tried to identify genes which are regulated by multiple stresses by 
gene expression analysis using quantitative RT-PCRs. We have chosen three different 
multi-gene families based on their novelty and known involvement in various stresses. In 
addition, we have studied a semi-dwarf mutant line tagged by Ac/Ds transposable 
element system. Semi-dwarf one of the well known traits in cereal crops and several 
semi-dwarf mutants were utilized in rice for yield increase and crop improvements. In 
contrast our semi-dwarf mutant showed lower grain yield and we have studied the 




Materials and methods 
2.1 Plant materials 
The Japonica rice (Oryza sativa ssp japonica cv. Nipponbare) was used for all 
experiments. Plants were grown in greenhouse under natural light and temperature 
conditions. Six different rice tissues, young and old samples of roots, leaves and panicles 
were collected for total RNA isolations. Young leaves and roots were collected from two 
week-old seedlings and young panicles were collected from booting plants. The fully 
erected panicles with ~50% of opened florets were considered as mature panicles. The 
mature leaves and roots were collected from the same plants which were used as a source 
of mature panicles. All the samples collected were frozen in liquid nitrogen and used 
immediately or stored at -80°C freezer until further use. 
2.1.1 Stresses and phytohormone treatments 
For drought treatment, two-week-old seedlings were treated with 30% 
polyethylene glycol (PEG) solution and whole seedlings were collected at various time 
intervals (0, 0.5, 1, 2, and 3h). For salinity, cold and phytohormone treatments, similar 
staged seedlings were subjected to 250mM NaCl solution, 4ºC conditions, and 100µM of 
one of the selected phytohormone (ABA, GA3, IAA, MeJA and SA; for convenience we 
have included SA in the phytohormone list although it is an organic compound) 
containing solutions, respectively. Samples were collected in 0, 2, 4, 8 and 16h time 
intervals. For fungal infections, two-week old seedlings were transferred from 
greenhouse to growth chamber set at 22 - 28ºC under 14h light / 10h dark conditions. 
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After 2-days, plants were inoculated with Megnaporthe grisea (Mg) raceGUY11 and 
samples were harvested at 0, 2, 4, 6 and 8-days intervals. Around four-week-old plants 
were inoculated with Xanthomonas oryzae pv oryzae (Xoo) strain PX099A and samples 
were collected at 0, 1, 2, 4, and 6-day intervals. 
2.2 Sexual hybridizations and generation of transposants 
Sexual hybridizations were carried out using homozygous plants harboring either 
Ds element or Ac transposase as female and male parents, respectively or vice versa. The 
florets from female parents were emasculated using vacuum pumps and were covered 
with paper bags to prevent cross pollination. Flowering panicles of male parents were 
stroked against the emasculated panicles of female parents to facilitate pollination by 
pollen dusting. These pollinated panicles were allowed to set seeds which are designated 
as F1 seeds. Subsequently, these F1 seeds were harvested and germinated to obtain F1 
plants. These plants were then allowed to self-pollinate to produce F2 seeds. The F2 
seeds were germinated to obtain the F2 generation which were used for transposant 
selections as described below. 
2.2.1 Selection of Ds transposants by GFP and Basta Screens 
F2 seeds from Ac/Ds plants crosses described above, were germinated in dark for 
3-5 days and screened for GFP fluorescence using Green Fluorescent Protein Macro 
Detector Set (Model: GFP-MDS-20/BB, BLS, Hungary), followed by screening with 
Leica MZ12 microscope using blue filters. From these screens, the germinated GFP 
negative seeds were selected and planted in soil, and 10 days old seedlings (at the 2-3 leaf 
stage) were checked for fluorescence the night prior to Basta treatment using GFP MDS 
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detector (GFP-MDS-20/HB, BLS, Hungary) to remove escapes of GFP screens. The 
following day GFP fluorescence negative plants were sprayed with a solution of 100mg/L 
Basta (AgrEvo) herbicide and Basta resistant (BastaR) plants were selected after 10 days. 
Genomic DNA was purified from BastaR plants and BAR PCR analysis was carried out 
and DNA from BAR PCR positive lines were used for TAIL-PCR to determine Ds 
flanking sequences and Southern blot analysis to determine the copy number of the Ds 
element 
2.3  Visible phenotype screens 
A large numbers of homozygous Ds transposants were planted in the green house 
and in the field for phenotype screens to identify mutant lines with altered morphology. 
These transposant lines were followed through from germination till mature stages. 
Various parameters such as seed germination, seedling growth, height, stature, panicle 
morphology, seed set etc., were scored during the plant development. This screen 
identified around 175 dwarf and semi-dwarf mutants of which an interesting semi-dwarf 
mutant was selected for further study. 
2.4 Rescue analysis of semi-dwarf mutant with phytohormones 
Different concentrations (0, 0.01, 0.1, 0.5 and 1µM) of GA3 and Brassinolide 
(BL) were prepared with 100% ethanol and were added into MS (Murashige and Skoog, 
1962) plant growth media. MS media containing only the ethanol were used as a control. 
The homozygous mutant and WT seeds were germinated on these media and were grown 
at the 25-28ºC with 16h light and 8h dark conditions for two weeks. Changes in the 
seedling morphology were monitored and height was measured. The measurements were 
subjected to statistical analysis. 
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2.5 Cryo-scanning electron microscopy (Cryo-SEM) and cell size determinations 
The first and second leaf sheath of two-week-old WT and mutant seedlings were 
subjected to cryo-SEM to observe the differences in the cell file and size of epidermal 
cells. The leaf sheaths were frozen with liquid nitrogen. The samples were then mounted 
and the surface was scanned using Joel JSM-5310 LV electron microscope and the 
images were captured using JOEL SEMafore software (JOEL AB, Sundbyerg, Sweden). 
These images at 200X magnification were used to measure the cell length and width. 
Only the whole cells in the field of view were taken for such measurements. A total of 
320 cells were measured and statistical analysis was performed to check the differences 
in the cell architecture. 
Molecular Methods 
2.6 Genomic DNA extractions 
Genomic DNA samples were extracted from different plants and were used for 
PCR analysis, Southern blots and cloning the gene or promoter sequences. Genomic 
DNA from leaves was extracted using a modified version of Dellaporta et al. (1983). The 
protocol is as follows; 
1. Approximately 3g of rice leaves were frozen in liquid nitrogen and ground using 
mortar and pestle. 
2. 20ml of preheated extraction buffer were added to powdered leaf samples (for 
compositions refer to table 2.1) and incubated at 65°C for 30 min. 
3. To the incubated samples, 7.5ml of 5M potassium acetate were added, mixed 
vigorously and incubated on ice for 20 min. 
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4. Later centrifuged for 20 min at 4000rpm and the supernatant were transferred into 
new 50ml Falcon tubes through a layer of miracloth to remove debris. 
5. 15ml of chloroform:isoamyl alcohol (24:1) were added to the supernatant, mixed well 
and centrifuged for 15 min at 4000rpm. The supernatant were transferred to new 50ml 
tubes and 15ml isopropyl alcohol were added and incubated at -20°C for 30 min to 
precipitate the DNA. 
6. After incubation, the samples were centrifuged for 10 min at 4000rpm and the DNA 
pellets were collected and supernatants were discarded. The DNA pellets were 
washed with 70% ethanol and air-dried. 
7. The dried pellets were resuspended in 1ml TE buffer and 10µl RNAse (10mg/ml) 
were added and incubated at room temperature for 10 min to denature the RNA. Then 
equal volume of chloroform: isoamylalcohol (24:1) were added, mixed well and 
centrifuged as step 5. 
8. Later the supernatant was transferred to a 15ml tube and 100µl 3M sodium acetate 
(pH5.2) and 2ml of 100% ethanol were added to precipitate the DNA. 
9. The precipitated DNA was either hooked out or centrifuged as step 5 and washed  
with 70% ethanol and resuspended in 100-200µl TE buffer (depends on amount of 
DNA obtained) in 1.5ml eppendorf tubes and stored at -20°C. 
DNA samples were quantified by NanoDrop ND-1000 (NanoDrop Technologies, Inc.) 





2.7 RNA extractions and cDNA synthesis 
Total RNA samples were prepared using QIAGEN RNeasy Midi Kit 
(Cat.No.75144). Frozen tissues were ground to fine powder with liquid nitrogen using 
mortar and pestle. The recommended amounts of ground samples were resuspended in 
the RLT buffer and total RNAs were extracted according to the manufacturer’s 
instructions. The total RNAs isolated were treated with RNase free DNAseI (Roche 
Cat.No.776785) and were purified again using Qiagen RNeasy Mini Kit (Cat.No.74904). 
Two micro grams (µg) of total RNAs were subjected for first strand cDNA synthesis 
using Invitrogen SuperScript III First strand Synthesis System (Cat.No.18080-051) as per 
manufacturer’s protocol and then diluted to 50-fold using TE buffer pH 8.0 and stored at  
-20°C until further use. 
2.8 Database searches and domain detection of predicted members of GRAM, 
RIP and WRKY domain gene families 
The representative amino acid sequences were obtained from the Pfam database 
(http://www.sanger.ac.uk/Software/Pfam/) and their specific domain sequences were used 
as query sequences. Both BLASTP and TBLASTN searches were carried out using the 
following databases: RGP (Rice Genome research Program, http://rgp.dna.affrc.go.jp/), 
TIGR (http://tigrblast.tigr.org/euk-blast/index.cgi?project=osa1/, now moved to 
http://rice.plantbiology.msu.edu/blast.shtml), and NCBI (http://www.ncbi.nlm.nih.gov). 
The TIGR and RiceGAAS (http://ricegaas.dna.affrc.go.jp) database were used for 
prediction of the coding regions and their encoded proteins. All predicted genes were 
used for similarity searches again to confirm the identified genes as well as to detect new 
candidates. In addition, the above databases were also searched using specific domain 
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names as keywords to retrieve additional members. Conserved domains in these predicted 
members were detected by the Pfam program with E-value = 0.01 as cutoff level.  NCBI 
database was also employed to detect conserved domains using default parameters. 
Proteins confirmed by domain searches were designated as GRAM, RIP or WRKY 
domain-containing proteins (referred to GRAM, RIP or WRKY domain proteins for 
convenience. Domain sequences retrieved from these proteins were used for phylogenetic 
analysis. 
The chromosomal distributions of these predicted members were determined by 
searching the physical positions of their corresponding locus numbers listed in TIGR 
database. The data from previous publications (Goff et al., 2002; Yu et al., 2002; 2005) 
were used to determine whether any of the mapped genes were located in duplicated 
regions. Genes duplicated by segmental duplication were detected by searching the TIGR 
database (Segmental genome duplication of rice 
http://www.tigr.org/tdb/e2k1/osa1/segmental_dup/index.shtml, now moved to 
http://rice.plantbiology.msu.edu/segmental_dup/index.shtml). 
2.9  Primer designing, PCR, TAIL-PCR, RT-PCR and Quantitative RT-PCR 
Primers used for PCRs, probe synthesis, gene and promoter cloning were 
manually selected and uniqueness was verified by NCBI-BLAST searches. The primers 
were from 15bp to 25bp in length. These primer sequences were listed in the table 2.2. 
For some primers, additional restriction enzyme sites were added during primer designing 




Table 2.1: Chemical composition of extraction buffer per liter 
Chemical Concentration 





















BAR TCGTCAACCACTACATCG CATCAGATCTCGGTGACG 467 
GUS TGCCCGCTTCGAAACCAATG GGGCAGGCCAGCGTACGTG 851 
HPT CAACCAAGCTCTGATAGAGT GAAGAATCTCGTGCTTTCA 550 
CYP96B4-Flanks AACATGCACCGCCTCCTCGAC CGTCATCGGCTCTGTGTTTCG 646 
CYP96B4-Pro ACTCACCACATCTAACCTCCAT GAATGCAGCACGTAGCTATCTA 2010 
CYP96B4-Ecto-Exp GGATCCTGCATGCATGGCAG ACTAGTGGTGTTCATCACTGGC 1629 
CYP96B4-Over-Exp ACTCACCACATCTAACCTCCAT TCTAGATTTTGGGAACTGGCTG 4604 
CYP96B4-Comp ACTCACCACATCTAACCTCCAT TCTAGATTTTGGGAACTGGCTG 4604 
CYP96B4 -5’UTR GCATGCACACGCGCGCGAAT GCTAATGGTGCCATCCAGGATAT 251 
CYP96B4 -3’UTR GCCAGTGATGAACACCTGAG TTAGGCCTCTATCGCGTACC 153 
Probe A GAAAGCGGGCAGTGAGCGCAACGC TGAAACGGTCGGGAAACTAGC 392 
Probe B CGTTGCGTGACCCAGGGATGAAAG GCGTGGCGGCGTGTGAATGTGT 399 
Probe C AGCACCACAGAAGAGGGCAAAGAA TCACTTTGGGCCACCTTTTATTAC 501 
Probe D GCACTAGCATACTCGAGGTCATTC GTTGGGTTGGGCTGGGCTTGCTA 564 
Revertant analysis 
Line-1 GACTTTTATGTGGGGGTTA TAAACTTATCGTATTCCAAAC 371 
Line-2 ATCGGCCTGTCTATATTTTACCAA CGAGACGCCCGCGATGACTT 659 
Line-3 ACCAAGATACTCGCCGT ATCAGTAGGAAGGTCAGAGA 708 
Line-4 AGCGCAGCCGTCCACTACCTT ACCTCTGATAAATACTGGGACGA 669 
Line-5 TGTCTGCAGGTAACAATACATG CGTGTCCTGTGAAGGACAAAT 320 
Line-6 ACCTGTGCTTGCCTGCTTATT AAAAATCCGTTCACCGCAGCG 640 
Line-7 AGAGAGAGCTCTGTATTCCAG TCAGCTAGATGACTCAGAGTC 318 
Line-8 TTCAGCCTCCTTACCAAACAG CGTTAAGCCTGCCAATATACTT 320 
Line-9 TCTAGGAGTACCATTCTCTCG GTCAACCCAAGAACTAACTCC 277 
Line-10 TTGTGCACCTTCATACAGCAG TTTACAACCTGTCACCTACATG 382 
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All primers used for RT-PCR and quantitative RT-PCR (qRT-PCR) were designed using 
full length cDNA sequences or locus sequences (obtained from KOME and TIGR 
databases respectively) by Primer Express3.0 (Applied Biosystems) and were then 
submitted to NCBI database for BLAST searches. All non-specific primers shown by the 
search results were eliminated. Subsequently, for such cases primers were re-designed 
with unique binding specificity to the corresponding genes. Thus, the results from RT-
PCR or qRT-PCR analysis represent the expression pattern of specific genes. The primer 
sequences and the targeting amplicon sizes were listed in the tables 2.3, 2.4 and 2.5. 
All the PCR and RT-PCR analyses were performed using PTC-100 Peltier 
Thermal cycler (BIORAD). PCR reactions were carried out using QIAGEN Taq DNA 
Polymerase kit (Cat.No.201203) as per manufacturer’s instructions. Total reaction 
volumes varied according to the amount of PCR products required. The typical final 
reaction mix contains 1X QIAGEN PCR Buffer, 200µM of dNTP mix, 2.5mM of MgCl2, 
0.5µM each of primers, 2.5U of QIAGEN Taq DNA polymerase enzyme (1U was used 
when the reaction volume 20µl) and 50 to 100ng genomic DNA used as template. Finally 
the reaction was mixed well by a brief spin and was placed in the thermal cycler. The 
following temperature profile was used for PCR: 94°C for 2 min followed by 30 cycles 
denaturation at 94°C for 30s, annealing at 59°C for 30s and extension at 72°C for 1 min 
followed by a final extension at 72°C for 10 min. The annealing temperature and 
extension time varied according to the Tm value of the primers and the length of PCR 




























Os02g10630 CGAAATGGAACGAGATATTTGAATT GCACAACTACTTCCAACCTTGATG 70 
Os02g42430 TCGGCTACAAGCACAGCAGTAA CCGTCTGCCCAGCTTGTT 62 
Os02g42440 AAGATTGCACAGGGCATCAAA CCTTGACCGTTTCCGATAGC 64 
Os03g08860 ACCCTCACCGGCAACTTCT TGCTGCATCTGTAATGCTTGGT 60 
Os03g52670 CAAGGTAGTGCTTCCCCTGA GCCCCTGTTCGTCATGCT 67 
Os04g40070 TGTGCCACTGTCAAAGGAGTATACTT CGTCGAACACCCCCATCA 54 
Os04g44500 GAAGGGCACAGGGCTTCAG TCACCGTCTCCGACAGCTTT 60 
Os04g44510 GCTCGCTCAAGGCATCAAA GCCTTTCATGGTCTCGTACAGTT 64 
Os06g11430  GTTCATTTCCTTGTGGTCATTCC GGTTTACTTTGCTCACTGAAGGATT 70 
Os06g19400 GGTGAATACTTCAACCTGCATATGC CATGCCTTGGGCTTGGAT 65 
Os06g40570 TCCCTCCCACCCTGTCAA CCCTTTCGGAGGATGATCGT 55 
Os07g42890 GCCGCGCGCAAGAC CAGTTTTCAGATGTTGCCAGATG 55 
Os08g38440 TCCTCCTCGATTTCTGCCAAT CAAATGAACCTCCTCCAAACACT 61 
Os09g29120 AGCTACTACAAGGTGGCGATTCC AAGCCCATCAACCAGAACTCA 131 
Os09g34130 TGCTGTGGACGAGTACGAGAA GCGCATATACGACTCTGCAAAT 64 
Os10g34730 GCAAACTGAGCCAGAAAACAGA TTGGTCCCAGAGTTATGTGTTCTTT 66 
Os12g29400 CTGGTTCAACCTGAAGACGGCGC GGTAGCAGGCGAACGTCTTCCTCA 163 
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 Size (bp) 
OsRIP1 GATCCTGCTGTTCGTCGAGAA TCAATTTTACTCGAGTCGCTCAGA 149 
OsRIP2 TGATGGTTTTGCTATTTGATTTGAG CTGGTTGCATCAGTCAGAGTAGGA 149 
OsRIP3 AAGCCGTCAGAACACTTGCA AGGTCTCGCTCTCCCAATTTG 149 
OsRIP4 GCCTCCGATGAAATTTTTGC TGCTCGTAGTAGCCCGTCTGT 129 
OsRIP5 GTCCGTTACCTTGGCTTTTAGGA ATCCCACCCTCTCCGTATCC 149 
OsRIP6 GCCTTGTTTCTCCCGTGAGA AGGTGCGAATGGTAGATGCAA 254 
OsRIP7 GTTGGGTGGGCTCCATATCA ATTGGGAGTTTGTTCGCTAAGG 149 
OsRIP8 TTATCGCTACAACCCAGCACAA TCGATACAAAACCGCCATGTC 149 
OsRIP9 No specific primers can be designed   - 
OsRIP10 GGTCTGGTCTGATCGGTTCATT CTTTATTAATTAGCAGCAGAGCACACA 99 
OsRIP11 GTCGACCTGCTGGAGTACGG  GAGGTCGGCGTAGGTGTT 189 
OsRIP12 AGGCAACGACCACCTGTT GTGGCGTAGCTCGTGAAG  134 
OsRIP13 CAGCTGCTGCAGGATCACA GGGAGCAACGAACACAGACA 150 
OsRIP14 CCGGCAGTCGGCAAAAG ACATACACAAATGAACGAGAACTTGTC 152 
OsRIP15 CACTATCATCACCACAATTATGTACACAA GGCGAGGGCGAAGAAGAG 181 
OsRIP16 CAGGGACCTTACGACCTGATCA GGCCTGCTGGTGCAAGAC 149 
OsRIP17 GGCGACCCTAGCCAAGTACA CCCTCCGCTTCATCCCATA 149 
OsRIP18 GGTGCTGGCTCCCCAGTAC AACCATTGCCCTGCTTTGTT  149 
OsRIP19 GAGGACGCCATTCCAACAAG GCTCTTGGTCGGCTTCAACT 149 
OsRIP20 CACCACCTCCTACCGATGCT TGCCCCATTTTGTGAAGTAGAA 149 
OsRIP21 TCGCTTTCAAGGTGCAAGGT TTTGCCGCCATTCCTCTTACT 149 
OsRIP22 CAAGGTGATGGCCATTTTGC   AGGTAGGCTTGCTCGAAGCA   149 
OsRIP23 AGATCGTACTCCCGTCAATGGT CTGCTACTGGCGCGAGTGA 149 
OsRIP24 GCAAACGGTTGGTTCCATTT ACGCAGGCAAAAGTAGATGTCA 149 
OsRIP25 GGATCTGGCACGCCTGATTA CGTGACATAAGCCCCCAGTT 149 
OsRIP26 GAGTCGATGGAGCCACCAAA GGTAATCCACGTGCCAAAGG 149 
OsRIP27 CTGGATGCCGTCCATAAGCT ATCGTTCACGGCGTCGTAGT 149 
OsRIP28 TGGAATGCTCCAAAGGAGAGA CACATCCAAACTGTGACAAG 128 
OsRIP29 CGCGAGAGATCACCAAGGAA   CAGCGTCATGCAACAGATACG  149 
OsRIP30 GGAAGGCGTTGACACAGTTGA  ACAGGGTGGACCAGTTCTTGA 149 
OsRIP31 GGCACACCACAACTTCAGGAAT  TGACCGGCACCATTTCG   149 
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01g08710 GCCCATTGCATTTCCACAA CGAAATTTGGATGCTTAATGGAGTA 150 
01g09080 CGCGCCTCCAATAGTCTT GTGTGAGCATCGTCTTGAGC 146 
01g09100 CGCACTCGTCGGAATCGT AGTGCATACAAGAACCGATCGA 116 
01g14440 TTCCAAGTTTTTACTCTTCTTTGTTCAG TTAATACAACTTTTTGCTGCTGCAA 154 
01g18584 CTGCCGTGCCGGAAAC CATCCGATAGCCATTGTGCAT 152 
01g40260 TCGCTGCTGCTTCCTTGAC TGGGCCGTAATTTTGATTCAG 150 
01g40430 GAGAAGGTTCATCGGCATCAC TCCGCTTCGTCTTTCTTGCT 118 
01g43550 CGAGTTCGACCATGTCTTGGA ACATGGCTTGGATCTCCTGAA 150 
01g43650 GTGGCGTTCCTCACCAAGAG CTCCACCCGCTTCTTCACA 150 
01g46800 TGTCCCCGGCGATGTC TCGGAGTCCAGCGAGAACA 151 
01g47560 CATCAATCTGAAGCTGAATTAATCATC CGAAACAGAAGGTGATCATTTGG 132 
01g51690 GTGGAGGAAGTACGGGAAAAAGT TGGATCCCCTCGTACATCGT 150 
01g53040 CACCTACTCCTTCGAGCACA GTTTCCTCGGGTTCCACTT 132 
01g53260 GAAGCGCTCCCTCACTTC GGGATGCAGGTTATTACTACACG 150 
01g54600 TGCGCGATACTGCGCTTAG GCGCACACACACTCCAACTC 153 
01g60490 ACCTCGCCTGATGCATTCTC GCAGCGGCGCTATTATTACC 150 
01g60520 CGGCCGGAAGAGAAGGAA TCCTCACGGTAAGAGCATCTGTAA 150 
01g60540 GCGAGGGTTAAACGCGTTAG ATTGCTGTCCTGAATGTTCTTTTG 150 
01g60600 CAAAAGAAGATCAACAACACCAACTT CGTGTGCTCGTGGGTGTAGA 153 
01g60640 CCGGTGTGGGAGTTCTTGAA TCGATAGTTCCCGCGAAATT 151 
01g61080 AGAACTCGCTCTACTGACTGAAAGAA GGCCCTCCAAACAAATAAACAA 150 
01g62510 GATGATGGGTTGGCCTTGAT ATGGTGCGACCCCTCGTA 150 
01g74140 CGATGGTGAACAAGCTCATCTC AGAAAACCACTGGGCTACAGCTA 150 
02g08440 GCCCAAGATCTCCAAGCTCTAC GCGGGAGCAAATGAGCAT 150 
02g16540 CTCCTTTTACCCTTTCCCATAGTCT CATGGCCGTCGAGAAGAAAT 160 
02g26430 AGCACAGGACGACTGACCAAA CGTGCATGAAAGAGCACTAAGAA 151 
02g43560 ACCAAAGCTGGCAATGAGAGTAC CACTTCGCTTCTGGTCTGGAA 150 
02g47060 GGATCAAGCGCAGGAAGAAC GGGTAAGGAGAGCCTTTGATAGG 151 
02g53100 GCCTCGGGAGAAGTAGCATTAG CTCTGCCTCCAGGGAGAGATC 150 
03g20550 GCCCAGCAACGAAGCAGAT AGACTGCCTTCCCAGATGCA 150 
03g21710 GAAATCCAAGCCACGCATGT GGTATAGTGGGCTAGGCTTGCA 150 
03g33020 TCCAAAGATGGTGGCGCTAT TCTCCCCTCCTGGATGATGA 150 
03g45450 GGACGGGTACGAGTGGAAGA GACGACGCGGAGGTTGAG 151 
03g53050 TCGCCGGATCACTTCGATAG CTTTCGCCATGGATTCTTCTG 150 
03g55080 GGAGGAAGTATGGGCAAAAGG AGTGCTGGCCCTCGTAGGT 150 
03g55164 CCGTTGGTTTTGGAAATATTCAG CGCGTTAGCTTCCTTTGCTT 150 
03g58420 CTCCGCAAATCACATCCAGTT ACCGAGTTGTCGAAGCTGAAG 150 
03g63810 GCAGCTCAAAGGGATGTATGG TACTGTGATGAGAACGGGCATATC 151 
04g04300 CGGTGGCCAAGTCGTCAT GCGGCGCGTCAGATCTAG 151 
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04g21950 GGTGAAGAAGAGTGAGAATTAGCTTGT AAAGCTCAGTCTCAAAGTCTCCTAAAA 152 
04g39570 AATCGCCGGTCTTCTCCAAT TCAGAGGCTTGAAAGAAAATGCA 150 
04g46060 GGCGAGAGTGGATAGCGAGAT ACATCGCTCCTGGTCTGGAA 150 
04g50920 GTACGGCCAGAAGCCTATCAAG TGGTTGTGCTCCGAGGTGTA 151 
04g51560 CACTGCTCCAAGAGAAGGAAGAAC GTAGTAGCCCCGTGGGTAAGG 153 
05g03900 ACCTGCTGCCATATGCTTGTG GTGGCCCTTGCTCAACCTTA 150 
05g04640 CACGATCCGAGGCTCCAAT CCGCGCATCGTTGCA 150 
05g09020 CCGCTATCGACGCCAACTTA ACCCGATCCTCCCGTTCA 150 
05g14370 CGGACAACACACCTGCAAGA GCCAACTCTGGTGTGTGCAT 150 
05g25700 CATCCTCGGCTCCAGATATCC GAGGTGAGGCAGGTGTGGTT 150 
05g25770 CCGGCATGGAGTTCTTCAAG TATTTCTGTACACACGCGTGGAA 150 
05g27730 CCCGGCTCAGAGGTACGA TGCTGCTCTTGCTCCTTGAA 150 
05g39720 ACATGTGTATGTGGAGTGAGTTAGCTT CTATACGCCCTCTGTGCAATTG 150 
05g40060 GCCTCTGCTCTACGACGAC ACTGGCTCTTCCTTGCTCAT 141 
05g40070 CAGCCCAGTTCAAGCAGTACTAATT GATTCTTGTGCTCTCATCAATGGA 151 
05g40080 TCTGACGAACCGATCATGGA TAGGCCGAGAGCAGCTGAGA 150 
05g45230 CGAGGAGCGAGAACGACATC AACGCAGGTTCTCTGTTGCA 150 
05g46020 GTTCCGGACGAAGTCAGAGATC GTCCCGCTCCACCCTCTT 151 
05g49100 GGTTCGCGTTCATGACCAA CGCTCCACCCTCTTCTTCAC 154 
05g49210 GCAGTTCGTCACACTGATGCA GGAGCCGAGGCTGATGAA 151 
05g49620 ACGACGGCTACTTCTCCTTCATC TCTCCGATTGGAAAAACTCAAGA 150 
05g50610 CCCAGCTTCACAGTACTCCA CCGATCTGCCAAAGAAGAAG 137 
05g50700 AACCGGGCGTTCGTACTG GATACGGCGAGCCCTTGATA 153 
06g05380 TGATGACGTTGAGCCCTGAA TGACCTGTGGCTGAGGAGCTA 150 
06g06360 AACGCCACCATGACACGAT GGAATTTGGCACCGAGGAT 150 
06g30860 ACGCAGCCCACTACCTACCA GCGAATCCACATTATGCAAGAA 151 
06g44010 GGCGCCGATTAAGGTTCTC CCTGCAGCTCGGTGTACTTG 158 
07g02060 GCCAGAAAGCCGTCAAGAAC CGGTGTGGTGGGAGTGTTG 150 
07g17230 GCAGGAGCCAGCAAACGA ACCGCGTAGCCAGAGAAATC 150 
07g27670 GAACGGTGGGCAAGAAAGC CTGGGCGCATCTGTAGTAGCT 151 
07g39480 TCTGAGCATGGCTGCAATTATG GCCGTCGATTGAGAGGATGA 150 
07g40570 TTTTATCCCTTTGGCGACTTCA GCTGGGAGCCCTTGTAACAC 150 
07g48260 AGCGCCTGCGGATTACG TAAGGATCGAAGCCAAACATGTC 150 
08g09800 TGCAATCCCTGTTGGTGAGA CCGTCACCATCAACTCTTGCT 151 
08g09810 TGCCTAGGAATGAGGAGGAAGA TTGTGTTATGCGCGGTGGTA 150 
08g09840 TTGGAGGGATCAGTGGATAAGAA TCTCCCAACGGTGTATTGCA 150 
08g09900 CTGGGCGACGACTGACTCA CAGCGATCGCCAACAAGAG 150 
08g13840 GAGCAGCTCGCTTTCCAG GCGAAGACTGCTTCTCCTG 124 
08g17400 TCATGAACCGCCACAAAAGA GAGACAGCACCCGGCTCTAA 150 
08g29660 GTAAGATCAGTGCAGGTGTAAGCAGTA CTTCTTATTTTCCTCTCTTTTGCTTGA 150 
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08g38990 CCTCTCGTTGCGGTTTGC TTGGTCCCGTCCATGAAAAG 150 
09g09630 GCACCAACCAAAAAGGACAAG CTGGACACACCATGTCATTGC 150 
09g16510 GGTCGTTCTTGCCATTCTTGTAC CTCCATTGCCCTCCATGCT 151 
09g25060 TCTCCCCCCAAATTTGAAAAT GATCGTGAGGCCCGATAGAA 150 
09g25070 ATGGCGGAGACCGTGAAG CCTATCCTCCGCACATCTTTG 150 
09g30400 TGGAGAGAGCATCGCATGATC TGCGCTGAGAGCCGTTAGAT 150 
10g18110 CAACCTTACGCCTATACCACATACA TTCCTGTCGTCCCGGTAAGA 150 
10g42850 CTACACCTCCGACCACAACCA GTAAGACGATCGTGGCCAGTCT 150 
11g02470 GATAAGAACGACCCACCCAT CATTTGGATTGGCTGTCAAG 124 
11g02480 GCTTCAATTCACATGGCCAAA ACGATGTGTCTGCCCACTGA 150 
11g02520 CAAGGCTGTCCTGCTACAAA CCCTGCATGTGTGTTGGT 103 
11g02530 GAAGTGCAAGGCAACAAAGA CAGGTATGCTGGCCGTAGTA 114 
11g02540 GACGACCACCTCTGGCTCTAA ATAACGATAAGGCCGTCAGTAACAA 150 
11g29870 TGCATGGATCGATGGATGTTA GAATCTTGCTTGCCACTGAATCT 150 
11g45850 CAGGAAGGAACCACAGATGGA TTGTGGGCACATCGGAAATA 150 
11g45920 AGGTGCATAGCCTGATTTCCA CAATTACGATCAAGAACCCTTTGA 153 
12g01180 TTCCTTCTCACCCTTCGATT TGTCTTCTAGCCAAGTCCCA 75 
12g02400 CCCTGACGATGATTCAGATG TCACATGTAATCCTGGCGTT 137 
12g02420 CATGCAGCCGTACAGTTCCA GTTGTACTGGGCGAAGCACTT 150 
12g02440 GGGCCTTATGCTTGGGTA TCCAAGTTGTGGTTGTCCAT 107 
12g02450 AACTCCAAACACCCAAGGAG CGTGTACATGACGGGATGAT 138 
12g02470 TGCTTCAGGCAGATGATGA GATGTTGTCGTCTGCAGCTT 115 
12g32250 CATGGGTCCAACAAACAATGAG GGGCAATCACTGCCTTTCAC 150 









Cold (BP432973) GGTGTGGCAGAATCTAGCAG TAGGCCTTGACCTCCTCGTA 173 
Drought( 
BP433000) AGCTCAGATGCAATCAGATCCA ATGGGTTCCAGAAATCTCCTTGA 150 
Salinity ( 
BP432947) CAGCACCATCTCGAGCAAATAG AGAGGCAAACTGGGCAGAGTT 150 
ABA (BP432968) GCGTGGAGCTACTACAAGGTGAT GTCATAGCTAACGAACCCCATGA 150 
IAA (AK073361) CAAGAGGCCTAGGAGCAACAA TCTCTTTCTTGAAGGTTGCAATGA 150 
GA (AB078634) TGCCGTTGGGTACGTTCAG GTCTTCCGCCCAAGGACATT 150 
MeJA 
(AK062520) GGAACGCTTATCGACGCAAT GGTGCAACACGTACACAGACAA 150 
SA ( X58877) TGCCAGGGAAAGCAACAATT GACGCACTGTCATAGTCTGCCTAA 150 
OsACT1 CCAAGGCCAATCGTGAGAAGA AATCAGTGAGATCACGCCCAG 227 
18sRNA ATGATAACTCGACGGATCGC CTTGGATGTGGTAGCCGTTT 169 
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The primers which had a restriction enzyme recognition sequence in them, for the first 5 
cycle’s annealing temperature were set different from the remaining cycles based to the 
Tm value of homologous bases in these primers. RT-PCRs were performed in 20µl 
reaction mixtures with 20ng of first strand cDNA, 200µM of each dNTPs, 2.5mM of 
MgCl2, 0.5µM each of primers, 1unit of Taq DNA polymerase enzyme and 1 × PCR 
buffer provided by QIAGEN. 
The following PCR program was used for RT-PCR: 94°C for 2 min followed by 
35 cycles at 94°C for 10s, 59°C for 10s and 72°C for 25s followed by a 2 min extension 
step at 72°C. PCR products (10µl) were visualized in 1.6% agarose gel using BIORAD 
electrophoresis apparatus and all pictures were taken in BIORAD UV- Gel 
documentation system using Quantity One, 1-D Analysis software. 
The qRT-PCR analyses were performed using ABI 7900HT Fast Real-Time RT-
PCR system (Applied Biosystems) 384 well formats with denaturation at 95°C for 10 
min, followed by 40 cycles of denaturation at 95°C for 15s and annealing/extension at 
60°C for 1min Two biological replicates were used and triplicated quantitative assays for 
each replicate were performed on 1µl (~20ng) of each cDNA dilution using the ABI 
power SYBR Green PCR Master mix kit (Applied Biosystems, P/N 4367659) according 
to the manufacturer’s protocol. The threshold cycle (CT) value was automatically 
calculated based on the changes in fluorescence of SYBR Green I dye in every cycle 
monitored by the ABI 7900 system software. The amplification of 18S rRNA gene was 
used as an internal control to normalize the data for the different tissues and ACTIN gene 
(OsACT1) was used as an internal control for the different stress and hormonal 
treatments. The corresponding sequences of these primers were listed in table 2.6. The 
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∆CT and ∆∆CT were calculated by the formulas ∆CT = CT target – CT reference and 
∆∆CT = ∆CT test sample – ∆CT calibrator sample. The ∆CT values were used for t-test, 
which will yield an estimation of ∆∆CT. The mRNA relative amount was selected to 
evaluate gene expression level as 2–∆∆CT, which was used for all chart preparations. 
2.10 Thermal asymmetric interlaced PCR (TAIL-PCR) and Flanking Sequence 
Tags (FSTs) 
The FSTs were obtained by TAIL-PCR (Liu et al., 1995) using the Ds specific 
primers and arbitrary degenerated (AD) primers. These primer sequences were listed in 
the table 2.7. TAIL-PCR products were sequenced and FSTs were verified by PCR using 
the primers designed to amplify DNA sequences flanking both sides of Ds insertion 
based on the rice genome sequence information. 
2.11 Reciprocal PCR 
The reactions were carried out on genomic DNA isolated from siblings with 
independent transpositions and wild type plants. Primers were designed to amplify the 
target sequences from all siblings. For example the DNA from sibling A was subjected to 
amplify PCR fragments corresponding to the flanks of Ds insertion positions in siblings 
B and C, and vice versa. The PCR products were sequenced on both directions and the 
data were analyzed by multiple sequence alignment by ClustalW. Primers used for this 
reciprocal PCR analysis were listed in Table 2.9. 
2.12 Sequencing 
The DNA fragments were sequenced by cycle sequencing method using BigDye 
Terminator Cycle Sequencing Kit (Applied Biosytems). The sequencing reactions were 
performed in 20µl reaction mixtures with 8µl of Big-Dye sequencing mix, 1 to 50ng of 
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gel extracted PCR products (amount varies according to the size of the amplified 
products) or 150 to 300ng of double-stranded DNA, 500nM of primer. Sequencing PCR 
was performed on PTC-100 Peltier Thermal cycler (BIORAD). The temperature profile 
of initially 96°C for 2 min and then 29 cycles of 96°C for 15s, 50°C for 10s and 60°C for 
4 min were used for sequencing reactions and primer sequences were listed in table 2.8. 
Amplified products were purified by ethanol precipitation and dried. The purified 
products were then analyzed by the chain termination method using ABI PRISM 310 
Genetic analyzer (Applied Biosystems). 
2.13 Analysis of transposition events in individual panicles 
Ds flanking sequence tags (FSTs) were amplified by thermal asymmetric 
interlaced (TAIL)-PCR from families with 2-3 different transposition events to map Ds 
insertion to rice physical map and to confirm the independent transpositions. Sequencing 
data were filtered against common sequences in order to eliminate unspecific PCR 
products. SEQUENCHER software was used to align the filtered sequences to find 
similar FSTs, and they were submitted to the public databases (NCBI, RGP) to identify 
the chromosomal location of Ds element (Altschul et al., 1990). Southern hybridization 
































Ds 5-1 CCGTTTACCGTTTTGTATATCCCG 
Ds 5-2 CGTTCCGTTTTCGTTTTTTACC 
Ds 5-3 CGGTCGGTACGGGATTTTCC 
Ds 3-1 CGATTACCGTATTTATCCCGTTCG 
Ds 3-2 CCGGTATATCCCGTTTTCG 
Ds 3-3 GAAATTGAAAACGGTAGAGGT 
AD1 NTC GAS TWT SGW GTT 
AD2 NGT CGA SWG ANA WGA A 
AD3 WGT GNA GNA NCA NAG A 
AD4 NGT ASA SWG TNA WCA A 
AD5 WCA GNT GWT NGT NCT G 
AD6 STT GNT AST NCT NTG C 
AD7 NTC GAS WCA NCA TSG A 
AD8 NGA SAT NCS ATS WAG A 
AD9 TGT GTS WSW SWS WGA C 
AD10 NGT WSA CGA SWG WGA A 
AD11 NCA SGA WAG NCS WCA A 
AD12 NTW CST AGA NTG SAW T 

























M1662B TGTCACAGCGCACGGAAAGAGATG GGGGGCAGCAACAGTGGATGAGT 987 
M1662F GTACACCGCCAAAGAAACAGAAA GGATGACGTACCAAGCCCCTAACA 915 
1672A ATTTTCATTGGCCCGTGTCGG TTCGAAGCAATCCACTTGGCG 327 
1672Z CTCCTAACTCCATCGATCAGC GCAGAAATCCAGCTAGCACTG 226 
1718D ATCCCGCTGTCATTGTGGAAG ACATGAGGGTTCTTGGTGAGG 300 
1718Z TCTTTCCACTGGGCACACATC GGAAGGCACCTGAACAGTTCA 254 
M1837A CGGCGTTGAGGTTAGATGCTGAAT GGCCTGGAAGAGTAAAACCTGA 932 
M1837D GCGTGGCGGTGGTGGAGGTAAC CCCAAAGAGCGCCAGCCAGAAA 537 
1874A TGACCCTTAGATCATCGTTGAG GGAGTGGCTATATAACACTCGA 276 
1874Z GAGCATCGCTGCAATGTAGAC AATGGTCACCCTTGCCAAGAG 327 
1877A AATAATCCCGCCGAAGAGTGC AAGGTGCTCAAGGCAATCGCT 243 
1877Z TAGCGCACAAGGTTTGCAAGC GTTTTCTACCATCAGACGCTAC 351 
M1960B TCCGCTCAGACCGCCAGAAA CCGCCGCTCCACCAACTC 473 
2102A ATCCACAGATCAGGATGCCTC CAAATCTTGGGGTGACTTGGG 303 
2102Z ATGCCAGAATCTTGCATGCGG CACCAGGGGGAAAGCTAAGAT 243 
2132B TCTTCATTCAGGCTTGCCACC GAGAGAGGATGCAAAGCTCAC 253 
2132D ATGACTCTGCGCCAATGCTTC TGAAGATACTGTCCAGCTCGG 338 
2350A GTGAGCATGACGTGATGATCG GACGGGAGAGATCGATGGTTA 219 
2350C TCAACCGCACTGCTCTCAAGT ATACCCGCATATCGAATGGGC 305 
2408D TTGGTGGTCAAACCCAGTCGA  GGGCCGATGAGTACTGTAACT 319 
2408Z TTTCTCTGGAAGCTTCACCCC GGATATCCAAACATGCAGGGC 261 
2515B AAGCTAGCTTGGCATGTGGTG CGAATCTCACCAAACTCTGCT 255 
2515D TCAGCCTTCTTACCAGCACTG TGGTTCTGCTTGCAGTGCCTT 330 
2557B TATTGCCGCTAAGTACCCTGC GGGCAGAGATGGAGAAGAGAT 286 
2557D CCGGCACAACGAAGAACATAG TGGTTGATTCGTTGTTGCCCC 372 
2702A CCGAGATTCTTATCTCGTGGG CACTCCCTTCTGTGTGCTAGT 207 
2702Z  GACGAGCTGATTTTCAGGAGC TGCTTTAGTGATCCCCATATTCA 318 
2816A ATTTAGCCACGATGGGCTACG GGTTCCCGGCCTCTCTAAATT 300 
2816B TGACCCAATACACCCAGTAGG ACGGGCATTTTGCGAGAATGC 258 
2856A1 CCACAGTTAAGGATGTCTCCG AGCAGCAGCATGCAACCTAGT 326 
2856B1 GACTCAAATAGGATCTATATTTCC GCTTTTGACATACCATTTGTATCA 288 
2856B2 GCAATTAGGAGTCTGATCGTCT AGGAGTATGTTCAACCATTTAGC 413 
2856C1 GAAGCCGTCACCATCATGCTA GTCGTTGTTAATCGTAGCAACG 203 
2856C2 GCCGTCACCATCATGCTAAAG CTTCTTTCCATCCTTATGCAGC 248 
2857D TCGACCAGGGTTTACCAAACC GGTTGGTAGTATGGTATACGAC 237 
2857E GACACCAGGTTCAACAGTTCAA GTAGATTGTGTTAGGTTGCTCC 349 
2998B AAGACAACGGGATGTGCTGCT CTCCAGCAGCACGGTCACG 290 
2998Z CCCCTTGCATATTAAGTGCCC GGACTTTGATAGCTCCATCCTA 234 
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2.14 Molecular cloning of OsCYP96B4 gene and its promoter 
The OsCYP96B4 gene was devoid of intron and was amplified by PCR using 
genomic DNA as template. Gene or promoter-specific primers were selected for such 
amplification and the isolation of its promoter using Expand Long Template PCR system 
(Roche Cat.No.11681842001) as per manufacturer’s protocol.The PCR products were 
purified by QIAquick gel extraction kit (QIAGEN Cat. No. 28706) and were then cloned 
into pGEMT-Easy vector (Promega Cat. No. A1360).The cloned gene and its promoter 
were verified by restriction digestion and sequencing. These clones were sub-cloned into 
pCAMBIA1300 binary vector containing appropriate promoter (maize ubiquitin for 
ectopic-expression or endogenous for over-expression) and terminator (either with NOS 
or c-myc tag plus NOS) using appropriate restriction enzymes. For genetic 
complementation constructs, additional 1kb downstream from stop codon of OsCYP96B4 
was used as a terminator sequence instead of NOS (Fig. 2.1 and 2.2). 
2.15 Rice transformation using Agrobacterium tumefaciens mediated method 
Agrobacterium-meditated transformation protocol was modified from Hiei et al. 
(1994). Scutellum derived embryogenic calluses from rice cv. Nipponbare was induced 
on callus induction medium (NB basal salts with 2, 4- dichlorophenoxyacetic acid (2, 4-
D) 2mg/l refer table 2.10 for media compositions) for 4 weeks at 25-28°C in dark and 
calluses were sub-cultured in the medium with the same composition for 2 more weeks. 
Actively growing calluses were used as explants for transformations with Agrobacterium 



















Figure 2.1: Constructs used in this study. 
A) CYP96B4 promoter sGFP fusion B) Ectopic-expression C) Complementation and 






















































Figure 2.2: Construct used for double-stranded RNAi analyses 




Table 2.10: Compositions of NB basal form medium 
Components Concentration(mg/l) 
N6 Macronutrients   
 Potassium Nitrate (KNO3) 2830 
 Ammonium Sulfate ((NH4)2SO4) 463 
 Potassium Phosphate (KH2PO4) 400 
 Magnesium Sulfate (MgSO4.7H2O) 185 
 Calcium Chloride (CaCl2.2H2O) 166 
B5 Micronutrients   
 Boric Acid (H3BO3) 3 
 Manganese Sulfate (MnSO4.4H2O) 10 
 Zinc Sulfate (ZnSO4-7H2O) 2 
 Potassium Iodide (KI) 0.75 
 Sodium Molybdate (Na2MoO4.2H2O) 0.25 
 Cupric Sulfate (CuSO4.5H2O) 0.025 
 Cobalt Cholride (CoCl2.6H2O) 0.025 
B5 Vitamins   
 ThiamineHcl 10 
 PyridoxineHcl 1 
 Nicotinic acid 1 
Iron   
 Ferric Sulfate (FeSO4.7H2O) 27.8 
 Sodium EDTA (Na2.EDTA) 37.3 
Organic additives   
 Casein (Enzymatic hydrolysate) 300 
 L-Proline 500 
 Myo-inositol 100 
 Sucrose 30,000 
 
The NB basal medium was prepared based on our requirement and the pH value 
was adjusted to 5.8. Then phytagel (0.3%) was used as gelling agent and autoclaved at 
121°C, 15 lbs psi for 20 min. After autoclaving, the media were cooled to 55°C in 
laminar flow and approximately 50ml of the media were poured into 100 X 25mm sterile 
plastic Petri dishes (Simport, Canada, Cat.No.D210-8R) 
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Infected calluses were initially selected on selection medium (NB basal medium 
with 2mg/l 2, 4-D, 50mg/l hygromycin and 300mg/l cefotaxime) for 2-weeks and 
subsequently transferred to fresh selection medium of the same composition for another 
2-weeks under the same conditions. Actively growing putative transgenic calluses were 
sub-cultured using fresh selection medium with same composition for 2 more weeks and 
then shifted to pre-regeneration medium containing NB basal, 5mg/l Abscisic acid 
(ABA), 1mg/l 6-benzylaminopurine (BAP), 2mg/l naphthaleneacetic acid (NAA) and 
50mg/l hygromycin for 2-weeks under the same conditions. The hygromycin-resistant 
calluses were then regenerated on regeneration medium (NB basal salts, 2mg/l BAP, 
1mg/l NAA, 1mg/l kinetin, 1mg/l indole-3-acetic acid (IAA), 50mg/l hygromycin) for 4-
weeks at 25-28°C with 16h light/8h dark conditions. Regenerated plants were then 
transferred to MS medium containing 50mg/l hygromycin for root growth. The rooted 
plants were acclimatized and transferred to soil and grown in the green house till 
maturity. 
2.16.  Southern blot analysis 
Southern blot hybridization was used to check the copy numbers of Ds element 
and T-DNA insertions in transposants and transgenic plants, respectively. Five µg of 
genomic DNA was digested with appropriate restriction enzymes, fractionated on 1.0% 
agarose gel and transferred onto a Hybond-N+ membrane (Amersham). DNA blots were 
hybridized with digoxigenin-labeled (DIG) probes in DIG Easy Hyb solution (Roche 
Cat.No.11603558001) at 42oC. After hybridization, membranes were washed twice with 
5 X SSC and 0.1% SDS for 15 min, then twice with 0.5 X SSC and 0.1% SDS for 15 min 
at 68oC and finally twice with 0.1XSSC and 0.1% SDS at 50ºC. Detection was carried 
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out according to the manufacturer’s protocol using DIG Wash and Block Buffer Set and 
chemiluminescent substrate CDP-StarTM (Roche Cat.No.11685627001). Hybridization 
signals were visualized by autoradiography. 
DIG-labeled GUS and HPT probes were synthesized using PCR DIG Probe 
Synthesis Kit (Roche Cat.No11636090910) with primers listed in the table 2.2. The PCR 
products were purified by QIAquick gel extraction kit (QIAGEN Cat. No.28706). Probe 
concentrations were determined using DIG labeled standard DNA (Roche) by serial 
dilution and probes were used as per manufacture recommendation. GUS and HPT 
probes were used to check the copy numbers of the Ds element and T-DNA insertions of 
transgenic plants, respectively. 
2.17 Northern blot analysis 
Around 30µg of total RNAs or in some cases 2 to 5µg of mRNAs isolated from 
various tissues were fractionated on 1.2% agarose gel containing formaldehyde using 
BIORAD electrophoresis apparatus and were transferred onto a Hybond N+ membrane 
(Amersham). The blotted membrane was hybridized with Dig-labeled appropriate gene-
specific probes in DIG Easy Hyb solution (Roche) at 50oC for overnight. Probes were 
synthesized by PCR with DIG Probe Synthesis Kit (Roche Cat.No.11636090910), using 
the primers listed in table 2.2. The post hybridization washes and signal visualizations 





2.18 Protein purification and Western blot analysis  
1 One gram of rice leaves were frozen in liquid nitrogen and ground using mortar 
and pestle and homogenized in 5ml of Urea-SDS lysis buffer (5M Urea, 6.25mM 
Tris-Hcl (pH6.0), 2% SDS and 2% ß-mercaptoethanol) and filtered through 2 
layers of cheese cloth. 
2 Equal volume of 10% TCA (prepared in acetone) were added to the homogenates 
and kept on ice for 30 min. 
3 Centrifuged for 15 min at 3500rpm in 4°C. The pellets were washed with 80% 
acetone until pellets became white in colour. 
4 Then the pellets were washed in pre-chilled diethyl ether and dried in the room 
temperature and dissolved in minimal volume (~100µl) of 2% SDS. 
5 The protein concentrations were estimated using Bradford reagent (BIORAD Cat. 
No. 500-0203). 
6 Around 15µg of protein from each sample were run in 10% SDS-PAGE gel and 
transferred to Millipore Immobilon-PTransfer Membrane (Cat. No. IPVH00010) 
as per manufacturer’s protocol. 
7 Membrane was processed according to the manufacturer’s instructions and 
exposed in the KODAK BioMax Light film (Cat. No. 1788207). 
2.19 Histochemical staining for studying Glucuronidase expression 
Histochemical staining was performed to analyze GUS expression as described by 
Jefferson (1987). Different stages of leaves, panicles and roots were freshly collected 
from mutants and wild type plants (as a negative control) and were  treated with GUS 
staining solution (0.02M 5-Bromo-4-chloro-3-indolyl ß-D-glucuronide, 0.1M NaH2PO4, 
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0.25M EDTA, 5mM potassium ferricyanide, 5mM potassium ferrocyanide, 1.0% (v:v) 
Triton X-100, pH7.0) for overnight at 37ºC. The samples are then washed with 70% 
ethanol and incubated for a day or two to remove the chlorophyll if any. Subsequently the 
cleared samples are subjected to microscopy to analyze the expression pattern, 
photographed and the images were stored. 
2.20 Statistical Analysis 
Microsoft Excel software was used for statistical analysis like average, standard 
deviations, t-and chi square tests. In the t-test two-tailed distribution and two-sample 
equal variance were used to verify the statistical significance. Chi square tests were 
performed for segregation analysis. 
2.21  Hetrologous expression of OsCYP96B4 in Schizosaccharomyces pombe 
The OsCYP96B4 gene was amplified by PCR using genomic DNA as template. 
Restriction enzyme sites NdeI in the 5’ and BamHI in the 3’ were added in the primers 
sequence. The OsCYP96B4 products were sub-cloned into S. pombe expression vector 
pREP1 (leu+) under the nmt1 promoter (Basi et al., 1993) and transformed into wild type 
S. pombe strain MBY192 cells. Expression was induced in minimal medium in the 
absence of thiamine. After 24h of induction the induced and un-induced cells were 
stained with 4’ 6,-diamidino-2-phenylindole (DAPI) and aniline blue as described by 
Mishra et al. (2005). Aniline blue was used at a final concentration of 0.5µg/ml. Aniline 
blue was purchased from Sigma (St. Louis, Benzamidine, MO). Images were acquired 
with a Leica DMLB microscope in conjunction with an Optronics DEI-750T cooled CCD 
camera and Leica QWIN software. Images were processed and assembled with Adobe 
Photoshop 7.0.1. For quantification at least 500 cells were counted. 
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2.22 Lipid extraction and gas chromatography and  mass spectroscopy analysis 
Rice leaves were cut into small pieces (~2cm) and incubated in 75°C preheated 
IPA with 0.01 % BHT and followed the protocol for extraction of lipids from 
Arabidopsis leaf tissue from Kansas Lipidomics Reseach Center (KLRC), Kansas USA 
(http://www.k-state.edu/lipid/lipidomics/leaf-extraction.html). Dried lipid extracts were 
sent in dry ice to KLRC for total lipid profiling using mass spectroscopy analysis. The 
lipid extracts (~3ng) prepared using the same protocol was resuspended in 200µl of 
hexane. The methyl estrification of fatty acids were carried out as follows. One ml of 3N 
methanolic HCl was added to the lipid extracts in the 30ml glass tubes with Teflon lined 
caps (DAIGGER Cat. No. LC28356G) and mixed well then 400µl 1, 2-
Dimethoxyprophane and finally 800µl of hexane were added and mixed well. The caps 
were tightly sealed and heated at 70°C for 15 min then cooled in room temperature for 15 
min. The esterified fatty acids were extracted with 1ml each of water and hexane and the 
upper ester layer were collected by glass pipette. This extraction procedure was repeated 
thrice and combined, dried under stream of N2 gas, followed by resuspended in 100µl 
hexane and finally subjected to gas chromatography analysis. Fatty acid methyl esters 
were analyzed by gas chromatography using a fully automated Agilent Technologies 
6890N Network GC system. The chromatography utilized an Agilent 19091S-433 
capillary column (30m × 250µm × 0.25µm). Peaks were identified by comparing with 
fatty acid methyl ester mixer standards (Supelco, Cat. No. 18918) and, area and its 
percentage for each resolved peak were analyzed using Agilent Technologies GC 




A comprehensive transcriptional profiling of three different gene 
families in rice 
3.1 GRAM-Domain Gene Family 
3.1.1 Background 
The GRAM (Glucosyltransferases, Rab-like GTPase activators and 
Myotubularins) domain consists of approximately 70 amino acids found in 
glucosyltransferases, myotubularins and several other membrane-associated proteins 
(Doerks et al., 2000). A typical GRAM domain sequence contains one invariable glycine 
and several other conserved charged amino acid residues. The secondary structure 
prediction shows four β strands each of which contain a conserved aromatic amino acid 
residue. This domain is likely to be involved in membrane-associated processes such as 
intracellular protein- or lipid-binding signaling pathways (Doerks et al., 2000). However, 
functions of most of these family members are still unknown. 
In plants, aba45 gene was the first isolated member encoding the GRAM domain 
sequence (Liu et al., 1999) which was mainly expressed in developing aleurone, and was 
up-regulated by abscisic acid (ABA) (Liu et al., 1999). Another member of GRAM 
domain gene family is ACRE140, one in the Avr9/cf-9 rapidly elicited (ACRE) genes 
from tobacco, identified as a candidate of the Cf-9/Avr-mediated defense response 
(Rowland et al., 2005). In addition, in Arabidopsis, VAD1, a gene encoding a GRAM 
domain-containing protein, is also expressed in response to pathogen infection, and is 
regarded as a regulator of apoptosis and defense responses in vascular tissues (Lorrain et 
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al., 2004). In rice, only one member has been identified and deletion of OsNOP gene had 
been contemplated as a reason for the observed pollen-less phenotype (Jiang et al., 2005). 
The phytohormone ABA plays important roles in regulating plant growth and 
developmental processes in response to various environmental conditions (Mauch-mani 
and Mauch, 2005). Drought, high salinity, and low temperatures are the most common 
environmental stress factors that influence plant growth and development and thereby 
reduce seed yield. Adaptation of plants to these stresses is regulated by ABA-dependent 
and independent signal transduction pathways (Shinozaki et al., 2003). On the other hand, 
ABA has been shown to play roles in response not only to abiotic, but also to biotic 
stresses. In some cases, ABA is regarded as a negative regulator due to its intervention 
with salicylic acid, jasmonic acid and ethylene mediated disease responses; however, 
pieces of evidence also assign a positive function for this phytohormone in conferring 
resistance to pathogens via callose deposition (Mauch-Mani and Mauch, 2005). 
Although several members of the plant GRAM domain family have been 
identified and a few of them were shown to be involved in disease responses, no data are 
available so far, which illustrates the regulation of ABA on expression of members of this 
gene family and their involvement in various abiotic stresses. On the other hand, only 
limited members of GRAM domain family have been identified and genome-wide 
identification and characterization has been carried out yet. The forthcoming section 
deals with the genome-wide identification of the GRAM domain family members in rice. 
It also includes a survey of their expression patterns under normal growth conditions or 
under various biotic and abiotic stresses to address their putative functions and to identify 
individual genes that can respond to multiple stresses. 
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3.1.2 Genome-wide identification of genes encoding GRAM domain-containing 
proteins in rice 
The genome-wide searches have been employed to identify the genes encoding 
GRAM domain containing proteins in rice. Following multiple cycles of database 
searches and domain analyses, 17 genes were detected in rice genome (Table 3.1). These 
genes were named according to their TIGR locus numbers (LOC_OsXXgXXXXX) but for 
convenience LOC_ prefix was removed. Conserved domain searches showed that around 
11 of the 17 predicted proteins contained only one GRAM domain in rice whereas 3 had 
an additional one or two domains and which one named C2, which is a Protein kinase C 
conserved region 2, and is shown as C2-GRAM or C2-C2-GRAM in structural 
organizations (Fig. 3.1A). All these 17 genes were distributed among 9 chromosomes and 
maximum of 3 genes each in chromosomes 2, 4 and 6. Chromosomes 3 and 9 had two 
genes each and chromosomes 7, 8, 10 and 12 each had one gene and chromosomes 1, 5 
and 11 were devoid of GRAM domain containing gene. Thus, although GRAM domain 
was named due to the domain’s presence in glucosyltransferases, rab-like GTPase 
activators and myotubularins, based on our analysis, in rice these proteins were devoid of 
GRAM domain. 
3.1.3 Expression profile of GRAM-domain genes in different tissues of rice under 
normal growth conditions 
To investigate expression patterns in various tissues (young and mature parts of 
roots, leaves and roots) of rice plants grown under normal conditions, RT-PCRs and 
quantitative RT-PCRs (qRT-PCRs) were performed. 
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Table 3.1: Genome-wide identification of the rice GRAM domain family members 
 











LOC_Os02g10630 2 5593645 - 5586959 P0419A09 AK072970 C2 C2 GRAM 
LOC_Os02g42430 2 25518511 - 25517597 OSJNBa0014E22 - GRAM 
LOC_Os02g42440 2 25523187 - 25521815 OSJNBa0014E22 AK069779 GRAM 
LOC_Os03g08860 3 4571606 - 4573969 OJ1217B09 AK068057 GRAM 
LOC_Os03g52670 3 30150915 - 30149372 OSJNBb0016H12 AK104642 GRAM 
LOC_Os04g40070 4 23640224 - 23644135 OSJNBa0022H21 AK105466 C2 GRAM 
LOC_Os04g44500 4 26124697 - 26123360 OSJNBa0038O10 AK061581 GRAM 
LOC_Os04g44510 4 26129416 - 26128239 OSJNBa0038O10 AK104433 GRAM 
LOC_Os06g11430 6 6031432 - 6034427 P0644A02 - GRAM 
LOC_Os06g19400 6 11045381 - 11053423 OJ1116_C09 AK065437 C2 C2 GRAM 
LOC_Os06g40570 6 24185968 - 24191936 P0556B08 - C2 GRAM 
LOC_Os07g42890 7 25676187 - 25678108 P0594D10 AK071567 GRAM 
LOC_Os08g38440 8 24193968 - 24199447 P0686H11 - C2 C2 GRAM 
LOC_Os09g29120 9 17693147 - 17694485 OJ1005_D12 AK102696 GRAM 
LOC_Os09g34130 9 20153743 - 20146717 OSJNBb0034B12 AK067607 C2 GRAM 
LOC_Os10g34730 10 18216559 - 18215597 OSJNBb0049A16 - GRAM 


















Figure 3.1A: Structural organization of three different GRAM domain-containing 
proteins in rice. Eleven genes encode only GRAM domain, and 3 genes encode one 
GRAM domain and one C2 domain. The remaining 3 genes encode one GRAM domain 














Figure 3.1B: Similar expression patterns in different tissues with varying 
abundances. Bar charts showing similar expression pattern of GRAM domain genes in 
various rice tissues by qRT-PCR analysis. YL, young leaf; ML, mature leaf; YP, young 
panicle; MP, mature panicle; YR, young root; MR, mature root. The expression level of 




Previous report showed the expression of the putative OsNOP gene (Os06g40570) only 
in mature panicles (Jiang et al., 2005), and another gene Os12g29400 showed no 
expression by RT-PCR. Hence, these two genes were omitted for qRT-PCRs analysis. 
The remaining fifteen genes showed expression in all tissues tested. These genes 
exhibited completely different expression patterns in different tissues with varying 
intensities. For example, both genes Os06g11430 and Os09g34130 showed similar 
expression pattern in different tissues but varied in their abundance (Fig. 3.1B). Some of 
them showed higher levels of expression in one particular tissue; for example, three genes 
in young leaves (Os02g42430, Os06g19400 and Os10g34730), one gene in young 
panicles (Os04g40070), one gene in mature panicles (Os02g10630), seven genes in 
young roots (Os03g08860, Os03g52670, Os04g44500, Os04g44510, Os08g38440, 
Os09g29120, Os09g34130), three genes were in mature roots (Os02g42430, Os02g42440 
and Os06g34130) and none in the mature leaves showed higher expression (Fig. 3.2). On 
the other hand, six genes (Os02g42430, Os03g52670, Os04g44500, Os04g44510, 
Os08g38440 and Os09g29120) showed root-specific expression pattern. Their transcript 
abundance was very high in young and mature roots whereas the other tissues showed 

























Figure 3.2: Tissue-specific expressions of different GRAM domain genes. Bar 
diagram shows the tissue-specific expression of GRAM domain genes. YL, young leaf; 




























































Figure 3.3: Roots specific expressions of GRAM domain genes. Bar charts showing 
roots specific expression pattern of GRAM domain genes by qRT-PCR analysis. YL, 
young leaf; ML, mature leaf; YP, young panicle; MP, mature panicle; YR, young root; 











3.1.4 Expression profile of GRAM domain genes upon ABA treatment and under 
various biotic and abiotic stresses 
Quantitative RT-PCRs were carried out to investigate expression pattern of rice GRAM 
domain family genes upon ABA treatment and various biotic and abiotic stresses as 
described in the chapter 2, section 2.8.1. Our results showed that all the 17 genes 
identified in rice were significantly up or down-regulated by ABA treatment or certain 
stresses and none of them was regulated by all stresses. Upon ABA treatment, 12 of 17 
(70.6%) genes were up-regulated (Fig. 3.4). 
However, under cold stress, only two genes showed differences in their 
expression levels. The Os07g42890 and Os12g29400 genes were down and up-regulated, 
respectively (Fig. 3.5A; Table 3.2). On the contrary, under high salinity, only one gene 
(Os03g08860) was repressed and 11 other genes were induced (Fig. 3.5B; Table 3.2). 
Up-regulated gene expressions were also observed under drought stress, where 64.7% of 
members showed difference in their expressions (Fig. 3.5C; Table 3.2). Upon 
Megnaporthe grisea infection, only 5 of 17 (29.4%) genes showed increased expression 
levels. On the contrary, 82.4% of members were up-regulated when infected with 




































Figure 3.4: Up regulated genes upon ABA treatment. Twelve genes were up-regulated 
after ABA treatments. The pink, red, blue, green and dark bars indicate the detected 
relative amount of mRNA at 0, 2, 4, 8 and 16h, respectively, after ABA treatments. The 
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Figure 3.5: Expression profiles of GRAM domain genes under cold and drought 
stresses. A) Two genes were detected with significant differences in their expression 
abundances under cold-stress conditions. B) Eleven genes showed up-regulation under 
drought conditions. The pink, red, blue, green and dark bars indicate the detected relative 
amount of mRNA at 0, 0.5, 1, 2 and 3h, respectively, after drought treatment. The 









































































































































































































































































Table 3.2: Summary of qRT-PCR analysis of rice GRAM domain genes under 
various abiotic, biotic stress and ABA treatment. 
*Mg, treated with Megnaporthe grisea; *Xoo, treated with Xanthomonas oryzae pv 
oryzae “NS” indicates no significant difference in their expression shown by t-test under 
various stresses; “+” indicates significant up-regulation in their expression; “-” indicates 






Locus Name Cold Drought Salinity ABA  Mg* Xoo* 
LOC_Os02g10630 NS + + + NS + 
LOC_Os02g42430 NS + NS NS + + 
LOC_Os02g42440 NS + + + NS + 
LOC_Os03g08860 NS + - NS NS + 
LOC_Os03g52670 NS NS NS + NS + 
LOC_Os04g40070 NS + + + NS + 
LOC_Os04g44500 NS + NS + + NS 
LOC_Os04g44510 NS + NS NS NS NS 
LOC_Os06g11430 NS + + + NS NS 
LOC_Os06g19400 NS NS + + + + 
LOC_Os06g40570 NS NS + NS NS + 
LOC_Os07g42890 - + + + NS + 
LOC_Os08g38440 NS + + + NS + 
LOC_Os09g29120 NS NS NS NS + + 
LOC_Os09g34130 NS + + + NS + 
LOC_Os10g34730 NS NS + + NS + 
LOC_Os12g29400 + NS + + + + 
Percentage of  






































Figure 3.5C: Transcript abundance of GRAM domain genes under 250 mM NaCl 
stress. Twelve genes showed up or down-regulation under NaCl treatments. The pink, 
red, blue, green and dark bars indicate the detected relative amount of mRNA at 0, 2, 4, 8 
and 16h, respectively, after NaCl treatment. The expression level of control treatment 





























































































































































































































































Figure 3.6A: Transcript level after inoculation with Megnaporthe grisea. Five genes 
(Os02g42430, Os04g44500, Os06g19400, Os09g29120 and Os12g29400) were up 
regulated upon the Megnaporthe grisea infection. The pink, red, blue, green and dark 
bars indicate the detected relative amount of mRNA at 0, 1, 2, 4 and 6 days, respectively, 
after the Megnaporthe grisea infection. The expression level of control treatment (0h) is 












































































































































Figure 3.6B: Expression level after inoculation with Xanthomonas oryzae pv oryzae. 
Bar diagrams shows the fourteen genes which were up-regulated by the bacterium 
Xanthomonas oryzae pv oryzae infection. The pink, red, blue, green and dark bars 
indicate the detected relative amount of mRNA at 0, 2, 4, 6 and 8 days, respectively, after 


































































































































































































































































































On the other hand, some members exhibited similar responses to multiple abiotic 
stresses. For example, Os07g42890 was regulated by all the abiotic stresses, Os12g29400 
by cold and salinity, seven genes, including Os02g10630, Os02g42440, Os03g08860, 
Os04g40070, Os06g11430, Os08g38440, Os09g34130, were regulated by drought and 
salinity stress. Three genes each were regulated by drought or salinity alone (Fig. 3.7A; 
Table 3.2). Comparison of expression profiles of genes under abiotic, biotic and ABA 
stresses showed that GRAM domain genes were responsive to multiple stresses. For 
example, ten genes, including Os02g10630, Os02g42440, Os04g40070, Os04g44500, 
Os06g19400, Os07g42890, Os08g38440, Os09g34130, Os10g34730 and Os12g29400 
were regulated by abiotic, biotic and ABA treatments. Gene (Os06g11430) showed 
abiotic (drought) specific response, gene (Os09g29120) responded to both the bacterial 
and fungal infections, gene (Os06g11430) showed up-regulation by both abiotic and 
ABA treatments and set of three genes (Os02g42440, Os03g08860 and Os06g40570) 
showed response to both abiotic and biotic stresses. However, they exhibited differences 
in their expression levels either at various time points after treatments or under different 






























Figure 3.7: Summary of expression analyses of GRAM domain genes under the 
abiotic, biotic and ABA treatment. Venn diagram showing the classification of genes 
induced by various stress conditions based on qRT-PCR analyses. A) Genes induced by 
cold, drought and salinity stress conditions. B) Genes induced by abiotic, biotic stress and 














































3.2 RIP-domain gene family 
3.2.1 Background 
A group of proteins with the ability to inactivate ribosomes, known as Ribosome-
inactivating proteins (RIPs) were reported in various organisms. These enzymes are N-
glycosidases that can damage ribosomes in an irreversible manner by removing one or 
more adenine residues from rRNA and they may also depurinate other polynucleotides. It 
is now known that all RIPs are structurally related and were identified as a family. The 
early identified RIPs were ricin, abrin and PAP (Pokeweed Antiviral Protein; Lin et al., 
1971; Montanaro et al., 1973; Obrig et al., 1973). Subsequently, many other proteins with 
similar enzyme properties were identified from various plants, fungi, algae and bacteria 
(Nielsen and Boston 2001; Peumans et al., 2001; Girbes et al., 2004; Motto and Lupotto 
2004; Park et al., 2004; Stripe and Battelli 2006). Based on their structures, these family 
members can be grouped into two types: type 1 and type 2 (Girbes et al., 2004; Stripe and 
Battelli 2006). The type 1 RIPs inhibit cell-free protein synthesis and contain only a 
single-chain with relatively no toxicity to cells and animals. The type 2 RIP proteins 
consist of two chains with relatively higher toxicity. Chain A is similar to the chain in 
type 1 RIPs and chain B is a lectin chain. A type 3 RIP has been proposed in a few 
reports (Nielsen and Boston 2001; Park et al., 2004) which includes the maize protein b-
32 (Walsh et al., 1991) and JIP60 (Reinbothe et al., 1994). However, Stripe and Battelli 
(2006) considered the third type as a peculiar version of type 1 RIP and therefore, we 
have used the old RIP nomenclature consisting of only 2 types in this study. 
The ability of N-glycosidase to depurinate the sarcin/ricin (S/R) loop of the large 
rRNA of prokaryotic and eukaryotic ribosomes is a common enzymatic activity for all 
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RIPs. Besides this, RIPs have also been suggested to possess nuclease (Peumans et al., 
2001) and superoxide dismutase (SOD) activities (Li et al., 1996; 1997; Sharma et al., 
2004; Barbieri et al., 2001). However, no conclusive results are reported about these 
activities. 
In rice, only one member of RIP family has been identified, characterized and was 
found to be expressed only in the tapetum layer of anther tissues (Ding et al., 2002). In 
some plants, RIP genes were up-regulated in senescent tissues (Chaudhry et al., 1994; 
Stirpe et al., 1996; Rippmann et al., 1997). More interestingly, RIP genes were frequently 
reported to be regulated by various abiotic stresses including drought/polyethylene glycol 
(PEG) (Bass et al., 2004; Wei et al., 2005), salinity (Rippmann et al., 1997), H2O2 
(Iglesias et al., 2005) and heat or osmotic stress (Stirpe et al., 1996). RIP genes were also 
regulated by various biotic stresses like wounding (Song et al., 2000), infection by 
viruses (Iglesias et al., 2005; Mendez et al., 2005; Girbes et al., 1996), fungi (Vivanco et 
al., 1999; Wei et al., 2005; Xu et al., 2007), insects (Dowd et al., 1998; Gatehouse et al., 
1990; Kumar et al., 1993; Zhou et al., 2000) and microorganisms (Wong et al., 1995). In 
addition, some hormones including jasmonic acid (Reinbothe et al., 1994; Gorschen et 
al., 1997; Muller et al., 1997; Song et al., 2000; Vepachedu et al., 2003; Xu et al., 2007), 
ABA (Muller et al., 1997; Song et al., 2000; Xu et al., 2007) and gibberellic acid 
(Ishizaki et al., 2002) act as expression regulators of RIP genes. 
The heterologous expression of RIP genes from barley, maize and pokeweed 
confer resistance to the fungal pathogen Rhizoctonia solani and viruses (Nielson et al., 
2001).  The increased resistance by expressing a foreign RIP gene was also reported in 
transgenic rice carrying a RIP gene from Trichosanthes kirilowii (Yuan et al., 2002). 
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However, less or lack of protection against infection by fungal pathogen Erysiphe 
graminis was observed in transgenic wheat plants expressing a barley seed RIP gene 
(Bieri et al., 2000). Kim et al. (1999) and Schaefer et al. (2005) have reported similar 
result in transgenic rice and tomato plants carrying maize and iris RIP gene, respectively. 
Taken together, the above mentioned reports focused only on transgenic analysis 
of anti-viral and fungal resistance and, did not study the effect of RIP genes on other 
biotic and abiotic stresses. On the other hand, although more than 130 RIP genes or their 
proteins were identified or purified (Girbes et al., 2004), reported literature mainly focus 
on the analyses of enzymatic activities and there are no reports so far on genome-wide 
identification and expression analysis under various biotic and abiotic stresses. In this 
study, we have identified the RIP gene family members in rice based on the complete 
genome sequence analysis. Subsequently, we analyzed their expression under biotic 
(bacteria and fungi), abiotic (cold, drought and salinity) stress conditions and also ABA 
treatment. 
3.2.2 Genome wide identification of RIP gene family members in rice 
The genome-wide searches were performed to identify all genes encoding RIP domain 
containing proteins in rice. Following several rounds of database searches and domain 
detections, a total of 31 genes were identified from rice genome that encoded RIP 
domain-containing proteins and all of these genes were type1 RIPs. The type 2 RIP was 
not detected in rice genome suggesting that rice genome only contains type 1 RIPs. These 
members were named as Oryza sativa RIP1-31 (OsRIP1-31) for each of the predicted 
genes based on their orders and positions in corresponding chromosomes of rice. 
Chromosomal localizations of all members of this family indicated a non-random 
 69
distribution of many members (Table 3.3). Chromosomes 5 and 6 were devoid of RIP 
genes, whereas chromosome 3 encoded the highest density (12 of 31, 38.7%) of the RIP 
family members. Among these 12 members, 8 were clustered into 2 groups and each of 





























OsRIP1 LOC_Os01g06740 1 3,185,839 to 3,187,132 P0041E11 AB051108 
OsRIP2 LOC_Os01g07300 1 3,441,961 to 3,443,395 P0701D05 AB051107 
OsRIP3 LOC_Os02g05590 2 2,712,289 to 2,712,957 P0479D12  
OsRIP4 LOC_Os03g43080 3 23,989,932 to 23,990,602 B1434D10  
OsRIP5 LOC_Os03g45120 3 25,417,684 to 25,422,124 OSJNBa0092N01  
OsRIP6 LOC_Os03g47310 3 26,710,395 to 26,714,888 OSJNBb0009F04  
OsRIP7 LOC_Os03g47460 3 26,766,619 to 26,771,208 OSJNBa0092M19  
OsRIP8 LOC_Os03g47870 3 27,161,183 to 27,166,403 OSJNBb0070O09  
OsRIP9 LOC_Os03g47890 3 27,169,377 to 27,172,506 OSJNBb0070O09  
OsRIP10 LOC_Os03g47896 3 27,175,431 to 27,176,458 OSJNBb0070O09 AK106886 
OsRIP11 LOC_Os03g47910 3 27,182,027 to 27,182,788 OSJNBb0070O09  
OsRIP12 LOC_Os03g48200 3 27,390,231 to 27,390,977 OSJNBb0024N19  
OsRIP13 LOC_Os03g48220 3 27,393,864 to 27,394,942 OSJNBb0024N19 AK064673 
OsRIP14 LOC_Os03g48230 3 27,396,977 to 27,400,354 OSJNBb0024N19 AK106820 
OsRIP15 LOC_Os03g48250 3 27,403,712 to 27,404,707 OSJNBa0022C08  
OsRIP16 LOC_Os04g02370 4 835,263 to 845,313 OSJNBa0073L13  
OsRIP17 LOC_Os07g09070 7 4,742,360 to 4,743,824 OSJNBb0002L09  
OsRIP18 LOC_Os07g37090 7 22,220,606 to 22,221,642 OSJNBa0058I18 AK107959 
OsRIP19 LOC_Os08g03820 8 1,819,193 to 1,821,488 OJ1003_E08  
OsRIP20 LOC_Os08g03900 8 1,851,689 to 1,853,444 OJ1003_E08  
OsRIP21 LOC_Os09g03280 9 1,576,123 to 1,576,899 OSJNBa0015I20  
OsRIP22 LOC_Os10g24050 10 11,988,785 to 11,990,321 AE017087  
OsRIP23 LOC_Os10g42060 10 22,298,277 to 22,299,164 AE017121 AK110888 
OsRIP24 LOC_Os11g01290 11 155,018 to 157,032 OSJNBa0032J07  
OsRIP25 LOC_Os11g06460 11 3,112,202 to 3,114,482 OSJNBa0081F16  
OsRIP26 LOC_Os11g06490 11 3,130,789 to 3,132,533 OSJNBa0081F16  
OsRIP27 LOC_Os11g06630 11 3,207,208 to 3,208,083 OSJNBa0011J22  
OsRIP28 LOC_Os11g38340 11 22,207,571 to 22,210,922 OSJNBa0017H17  
OsRIP29 LOC_Os12g01290 12 165,056 to 168,377 OSJNBa0096E03  
OsRIP30 LOC_Os12g07520 12 3,738,507 to 3,741,724 OJ1041_D02  






3.2.3 Expression of OsRIP genes in different rice tissues under normal growth 
conditions 
To explore the expression pattern of this family member, qRT-PCRs were carried 
out using cDNA templates from 6 different rice tissues including young and mature 
staged leaves, panicles and roots. Among the 31 RIP members, 20 (64.5%) showed 
expression in 1-6 tissues under normal growth conditions. No significant expression 
signal was detected for the remaining 11 members under these conditions. However, 3 of 
the 11 members including OsRIP7, OsRIP17 and OsRIP21 showed expression under 
various stressed conditions. Thus, only 8 members (25.8%) showed no expression under 
normal or stressed conditions. 
Under normal growth conditions, 7 genes were mainly expressed in young leaf 
with at least two fold higher expression levels compared to other tissues. These genes 
were OsRIP1, OsRIP24-27, and OsRIP29-30 as shown in Figure 3.8. Another set of 7 
genes showed panicle-specific expression. Among them, 4 genes, the OsRIP10, 18, 22 
and 31, were highly expressed in young panicle with at least 40 fold increases in their 
relative mRNA amount when compared to other tissues (Fig. 3.9). The remaining 3 genes 
including OsRIP13, OsRIP14 and OsRIP16 were mainly expressed in mature panicles 
(Fig. 3.9). Besides the young leaf or panicle-specific genes, another gene (OsRIP12) 
displayed mature root-specific expression as shown in Figure 3.10. Thus, among 20 














Figure 3.8: Specific expressions of OsRIP genes in young leaves. Bar diagram shows 
seven OsRIP genes highly expressed in rice young leaves by qRT-PCR analysis. YL, 
young leaf; ML, mature leaf; YP, young panicle; MP, mature panicle; YR, young root; 











































































































































































Figure 3.9: Specific expressions of OsRIP genes in panicles. Bar charts show seven 
OsRIP genes highly expressed in rice panicles (4 in YP and 3 in MP) by qRT-PCR 
analysis. YL, young leaf; ML, mature leaf; YP, young panicle; MP, mature panicle; YR, 













































































































































































Figure 3.10: Roots specific and more than one tissues expression pattern of OsRIP 
genes. Bar diagrams shows one OsRIP gene highly expressed in rice roots (OsRIP12), 
two genes in leaves and roots (OsRIP2 and OsRIP11), one gene panicle and roots 
(OsRIP8) and two genes in leaves and panicles (OsRIP28 and OsRIP15) by qRT-PCR 
analysis. YL, young leaf; ML, mature leaf; YP, young panicle; MP, mature panicle; YR, 
















































































































































The remaining 5 genes showed expression in all six tissues with relatively higher levels 
in two or more tissues. Among the expression of these five genes two of them (OsRIP2 
and OsRIP11) were highly expressed in leaves and roots, one gene (OsRIP8) in panicle 
and roots, two genes (OsRIP15 and OsRIP28) in leaves and panicles (Fig. 3.10). 
3.2.4 Expression profile of OsRIP genes upon ABA treatment and under various 
biotic and abiotic stresses 
Since RIP genes were frequently reported to respond to various stresses, we 
investigated expression patterns of these genes under various abiotic and biotic stresses as 
well as ABA treatment by qRT-PCRs analysis. Based on statistical analysis (t-test), more 
than one third of the family members (11 of 31, 35.5%) were up/down-regulated by 
various stresses (Fig. 3.11; Table 3.4). Most of these regulated genes were responsive to 
one or two stresses (9 of 11, 81.8%) and the remaining 2 genes including OsRIP1 and 
OsRIP2 were regulated by 3 or more stresses. For example, the OsRIP1 gene was down-
regulated by cold stress but was up-regulated by all other 5 stresses (Fig. 3.11; Table 3.4). 
On the other hand, the highest percentage of genes (19.4%) were responsive to bacterium 
Xanthomonas oryzae pv oryzae (Xoo) infection whereas only 6.5-12.9% (2-4 genes of 31) 
of genes were regulated by other stresses. 
Among 6 genes regulated by Xanthomonas oryzae pv oryzae infection, all of them 
showed the highest expression level after 1 day of infection and the expression levels 
were dramatically reduced after 2 days of infection although the level was still higher 
than that of the control (Fig. 3.12 A-F). However, these members showed differences in 
relative mRNA amount induced by this stress. More than 12,000-fold expression was 










Figure 3.11: Summary of expression analyses of OsRIP genes under abiotic, biotic 
and ABA treatment. Venn diagram shows the classification of genes that were regulated 
by abiotic, biotic stresses and ABA treatment based on qRT-PCR analyses. The induced 




























Table 3.4: A summary of expression patterns of the RIP family members under 

















Xoo*, treated with Xanthomonas oryzae pv oryzae; Mg*, treated with Megnaporthe 
grisea. “NS” indicates no significant difference in their expression upon stresses shown 
by t-test; “+” indicates significant up-regulation in their expression; “-” indicates 
significant down-regulated expression. “+/-” indicates up and down regulated expression 
Genes Cold Drought Salinity ABA Xoo* Mg* 
OsRIP1 - + + + + + 
OsRIP2 NS + + + NS NS 
OsRIP3 NS NS NS NS NS NS 
OsRIP4 NS NS NS NS NS NS 
OsRIP5 NS NS NS NS NS NS 
OsRIP6 NS NS NS NS NS NS 
OsRIP7 NS NS + NS + NS 
OsRIP8 NS NS NS NS NS NS 
OsRIP9 NS NS NS NS NS NS 
OsRIP10 NS NS NS NS + NS 
OsRIP11 NS NS NS NS NS NS 
OsRIP12 NS NS NS NS + NS 
OsRIP13 NS NS NS NS + NS 
OsRIP14 NS NS NS NS +/- NS 
OsRIP15 NS NS NS NS NS NS 
OsRIP16 NS NS NS NS NS NS 
OsRIP17 - NS NS NS NS +/- 
OsRIP18 NS NS NS NS NS NS 
OsRIP19 NS NS NS NS NS NS 
OsRIP20 NS NS NS NS NS NS 
OsRIP21 NS NS + NS NS NS 
OsRIP22 NS NS NS NS NS NS 
OsRIP23 NS NS NS NS NS NS 
OsRIP24 NS NS NS NS NS NS 
OsRIP25 NS NS NS NS NS NS 
OsRIP26 NS + NS NS NS NS 
OsRIP27 NS NS NS NS NS NS 
OsRIP28 NS NS NS + NS NS 
OsRIP29 NS NS NS NS NS NS 
OsRIP30 NS NS NS NS NS NS 
OsRIP31 NS NS NS NS NS NS 
Total (%) 2 (6.5%) 3 (9.7%) 4 (12.9%) 3 (9.7%) 6 (19.4%) 2 (6.5%) 
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However, OsRIP14 was induced only around 6 times higher than that of the 
control (Fig. 3.12 F). In contrast, only two genes were observed to be significantly 
regulated by Megnaporthe grisea infection including OsRIP1 and OsRIP17 (Fig. 3.12 G - 
H). The former was up-regulated in various samples and the later was up-regulated after 
4-day infection followed by down regulation of expression. 
Besides biotic stresses, abiotic stresses including cold, drought and high salinity 
were also observed to regulate the expression of some RIP members. Upon cold stress, 
both OsRIP1 and OsRIP17 genes were down-regulated (Fig. 3.12 I - J). Three genes were 
induced by drought treatment including OsRIP1, OsRIP2 and OsRIP26 (Fig. 3.12 K-M) 
of which the first two were also up-regulated under 250mM NaCl (Fig. 3.12 N - O). 
Apart from these two genes, both OsRIP7 and OsRIP21 were also observed to be induced 
by salinity stress (Fig. 3.12 P - Q). Since biotic and abiotic stresses were regulated by 
ABA-dependent and -independent signal pathways (Shinozaki et al., 2003), we have also 
analyzed the expression of RIP members upon ABA treatment. The result showed that 
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(A) (B) (C) (D) 
(E) (F) (G) (H) 
(I) (J) (K) (L) 
(M) (N) (O) (P) 
(Q) (R) (S) (T) 
Figure 3.12: Expression patterns of rice RIP genes under various abiotic and biotic 
stresses as well as ABA treatment by qRT-PCR.  
(A - F) Expression patterns and mRNA levels of genes following Xanthomonas oryzae 
pv oryzae infection. (G - H) Expression analysis of both OsRIP1 and OsRIP17 upon 
Megnaporthe grisea infection. (I - J) Expression of both OsRIP1 and OsRIP17 under 
cold stress. (K - M) Expression of OsRIP1, OsRIP2 and OsRIP26 under drought 
treatment. (N - Q) Expression patterns of 4 salinity-responsive RIP genes under high 
salinity stress. (R - T) Expression patterns of 3 ABA-dependent genes. The expression 
level of control treatment (0h or 0day) is set as one. 
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3.3 WRKY Gene Family of transcription factors 
3.3.1 Background 
Transcription factors (TFs) are proteins that can activate or repress the 
transcription of downstream target genes by binding directly to promoters of target genes 
in a sequence-specific manner. By genome-wide identification, Arabidopsis genome was 
found to encode 1510 to 1581 TF genes (Riechmann et al., 2000; Gong et al., 2004; Guo 
et al., 2005; Iida et al., 2005). Accordingly, rice genome has been predicted to contain 
1611 TF genes (Xiong et al., 2005). Among them, MYB super-family constitutes the 
largest TF gene family in plants, consisting of 198 and 183 members in Arabidopsis and 
rice genomes, respectively (Chen et al., 2006). Besides MYB TFs, the WRKY gene family 
also encodes a large group of transcription factors. Proteins of this family contain one or 
two highly conserved WRKY domain and a zinc finger motif at its carboxy-terminal 
region (Eulgem et al., 2000). 
The WRKY domain can bind to the W box or SURE (sugar responsive cis 
element) found in promoters of target genes and regulates its transcription (Rushton et al., 
1995; Sun et al., 2003). Since identification of the first WRKY protein, SPF1, from sweet 
potato (Ipomoea batatas) (Ishiguro et al., 1994), large numbers of WRKY genes were 
cloned from various plant species including wild oats (Avena fatua) (Rushton et al., 
1995), orchardgrass (Dactylis glomerata) (Alexandrova et al., 2002), barley (Hordeum 
vulgare) (Sun et al., 2003; Xie et al., 2007), cocoa (Theobroma cacao) (Borrone et al., 
2007), chickpea (Cicer arietinum) (Mantri et al., 2007), Japanese goldthread (Coptis 
japonica) (Kato et al., 2007), grape (Vitis vinifera) (Marchive et al., 2007), tobacco 
(Nicotiana tabacum) (Wang et al., 1998; Chen and Chen, 2000; Hara et al., 2000; Yoda et 
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al., 2002), chamomile (Matricaria chamomilla) (Ashida et al., 2002), parsley 
(Petroselinum crispum) (Rushton et al., 1996; Cormack et al., 2002), a desert legume 
(Retama raetam) (Pnueli et al., 2002), sugarcane (Saccharum hybrid cultivar) (Lambais 
et al., 2001), bittersweet nightshade (Solanum dulcamara) (Huang et al., 2002), potato 
(Solanum tuberosum) (Dellagi et al., 2000; Beyer et al., 2001), wheat (Triticum aestivum) 
(Sun et al., 2003), and so on. In Arabidopsis, 70 WRKY genes were identified by 
sequence similarity search (Riechmann et al., 2000).  In rice genome, over 100 WRKY 
members were predicted by means of bioinformatics approach (Wu et al., 2005; Zhang 
and Wang, 2005). On the other hand, WRKY proteins were previously regarded as plant-
specific TFs; however, WRKY genes were also detected in non-plant species including 
Giardia lamblia and Dictyostelium discoideum, suggesting an earlier origin in lower 
eukaryotes (Zhang and Wang, 2005). 
Despite identification or prediction of many WRKY genes from different species, 
only a small number of them have been functionally characterized. Generally, WRKY 
proteins are regarded as TFs that are involved in various biological processes under 
normal or stress conditions (Eulgem et al., 2000; Singh et al., 2002; Ulker and Somssich, 
2004; Eulgem and Somssich, 2007). Since WRKY genes are frequently reported to be 
involved in various stress responses, comprehensive expression analyses was carried out 
by RT-PCR, cDNA or oligo microarray, or cDNA q PCR at genome-wide level under 
certain stresses. Most of these analyses were carried out in Arabidopsis and among 72 
WRKY genes analyzed, 49 genes were differentially regulated in the plants infected by an 
avirulent strain of the bacterial pathogen Pseudomonas syringae or treated by SA (Dong 
et al., 2003). Microarray and qRT-PCR data showed that some WRKY genes were 
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induced in O3-treated Arabidopsis plants (Tosti et al., 2006). In addition to biotic stresses, 
data also showed that some WRKY genes were responsive to several abiotic stresses 
including drought, cold and salinity (Seki et al., 2002; Jiang and Deyholos, 2006). In rice, 
genome-wide expression analyses were carried out to analyze transcript profiles 
following salicylic acid, jasmonic acid treatments or pathogen infection (Ryu et al., 
2006). This study shows that a large number of WRKY genes were induced or suppressed 
under these stresses and suggested that many WRKY proteins might be involved in rice 
defense response. In this study, we identified 103 rice genes encoding WRKY domain-
containing proteins based on the complete genome sequence analysis. Subsequently, we 
analyzed and compared their expression profiles under normal or various stressed 
conditions using RT- and qRT-PCRs, and then attempted to assign possible functions to a 
large group of uncharacterized genes based on their expression patterns. 
3.3.2 Genome wide identification of WRKY gene family members in rice 
We have analyzed the publicly available rice genome sequence databases and 
predicted 103 genes encoding WRKY transcription factors by genome-wide multiple 
cycles of BLAST searches as described in chapter 2, section 2.7. The previous 
nomenclature of rice WRKY genes was confusing; for example, OsWRKY57 is located on 
chromosome 12 and is designated to the locus number Os12g01180 (the TIGR prefix Os 
is omitted hereafter for convenience) by Zhang et al. (2004), however, this nomenclature 
was referred to a gene mapped on chromosome 5 by Wu et al. (2005). Therefore, these 
predicted genes in this study were named by their corresponding locus numbers presented 




Figure 3.13: Distribution of WRKY genes and detection of duplicated genes in rice 
chromosomes. Genes located in whole genome duplicated regions were highlighted in 
red. Blue outlined boxes represent fragmentally duplicated genes. Tandemly duplicated 
genes were indicated with vertical blue lines. The number indicated left to each 
chromosome represents physical position (Mb) of mapped genes. The penultimate 





The physical positions of WRKY genes were obtained from TIGR database and 
were used to map these genes onto corresponding rice chromosomes. Such mapping 
showed that the chromosomal distributions of WRKY genes were non-random although 
they were located in all 12 chromosomes. Chromosome 1 had the highest density of 
WRKY genes with 23 members while Chromosome 10 had the least numbers with only 2 
members. 
3.3.3 Expression profile of WRKY genes in different tissues at normal growth 
conditions by RT-PCR 
To examine if these predicted genes (103) were expressed in rice and to explore 
their expression pattern, total RNA samples from various rice tissues were subjected to 
RT-PCR analysis as described in chapter 2, section 2.8.1. The results showed that not all 
predicted genes were expressed in plants grown under normal growth conditions. Among 
103 predicted genes, 65 genes (63.1%) were expressed in at least one of the six tissues 






Figure 3.14: Expression profiles of WRKY genes in various tissues shown by RT-
PCR analyses. Six amplified bands from left to right for each WRKY gene represent 
amplified products from young leaves, mature leaves, young panicles, mature panicles, 





























Among these, some of them were expressed in all tested tissues with similar or 
different expression intensities. Eighteen genes showed such expression patterns 
including 01g09100, 01g46800, 03g20550, 03g53050, 03g55080, 03g63810, 04g21950, 
05g09020, 05g27730, 07g02060, 08g17400, 09g09630, 09g25060, 11g02480, 11g02530, 
11g45850, 12g32250 and 12g40570. Some of the WRKY genes revealed lower expression 
level among all tested tissues. These genes include 01g14440, 02g08440, 02g43560, 
03g21710, 04g46060, 05g04640, 05g49620, 08g29660, 10g42850, 09g30400, 11g02520 
and 12g02450. On the other hand, at least 6 WRKY genes showed root-specific 
expression including 01g09080, 01g51690, 01g54600, 01g60640, 02g16540 and 
08g09810; and 4 genes showed panicle-specific expression including 01g53040, 
01g74140, 06g06360 and 08g09900. In all, out of 103 genes, the remaining 38 genes 
were not expressed in any of these tissues. 
3.3.4 Expression profile of WRKY genes under various abiotic and phytohormone 
treatments by RT-PCR analyses 
To explore the roles of WRKY genes under various abiotic stress conditions (cold, 
drought or salinity) and hormone (abscisic acid, ABA; gibberellic acid, GA3; indole-3-
acetic acid, IAA; methyl jasmonate, MeJA and salicylic acid, SA) treatments, RT-PCRs 
were carried out to detect the differences in their expression abundance. The results 
indicated that 68 WRKY members showed expression under one or more samples. 
Among them, 65 genes were also expressed under normal growth conditions (Fig. 3.14). 
Thus, three genes were expressed only under stress conditions including 01g08710, 
05g40080 and 12g02400, suggesting specific roles for these genes in stresses. The 
01g08710 gene was expressed only under cold stress (Fig. 3.15A). The 05g40080 gene 
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was induced by drought treatment (Fig. 3.15B). However, 12g02400 showed expression 
in drought (Fig. 3.15C); MeJA (Fig. 3.15D) and SA (Fig. 3.15E) treated samples. Such 
expression patterns were also confirmed by qRT-PCR analyses (bottom panel in Fig. 3 
.15A - E). Thus, samples from various abiotic or hormone treatments were used to 
analyze the expression profiles of rice WRKY genes. As shown in Figure 4, expression 
profiles between RT-PCR and qRT- PCR under 8 different stresses including cold (Fig. 
3.16A), drought (Fig. 3.16B), salinity (Fig. 3.16C), ABA (Fig. 3.16D), GA3 (Fig. 3.16E), 
IAA (Fig. 3.16F), MeJA (Fig. 3.16G) and SA (Fig. 3.16H) showed no significant 
difference in the expression levels. However, in some instances no obvious difference 
was observed in RT-PCR analysis (top panel in Fig. 3.16C and F) while significant 
difference was revealed by qRT-PCR analysis (bottom panel in Fig. 3.16C and F). 
Therefore, qRT-PCR was carried out for critical expression evaluation of 68 genes which 






















Figure 3.15: Expression patterns of three stress-induced WRKY genes. (A - E) - Top 
panel shows RT-PCR result and bottom panel shows corresponding qRT- PCR result. A) 
Expression patterns of WRKY gene 01g08710 under cold growth conditions. The pink, 
vermeil, green and blue bars indicate the mRNA relative amount in 0, 2, 8, 16h, 
respectively, after the cold treatment. B) Expression profiles of WRKY gene 05g40080 
under salinity treatment. (C - E) - Transcript profiles of WRKY gene 12g02400 under 
drought, MeJA and SA treatment, respectively. (B - E) The pink, vermeil, red, green and 
blue bars indicates the detected mRNA relative amount at 0, 0.5, 1, 2, and 3h 
respectively, after drought treatment or 0, 2, 4, 8 and 16h, respectively, after MeJA or SA 
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Figure 3.16: A comparison of expression patterns shown by RT-PCR and real-time 
PCR analyses under 8 different stresses. (A - H) - Top panel indicates RT-PCR result 
and bottom panel shows corresponding real-time PCR result. A) Expression patterns 
under cold growth conditions. The pink, vermeil, green and blue bars indicated the 
detected mRNA relative amount in 0, 2, 8, 16 h, respectively, after the cold treatment. (B 
- H) Expression profiles under drought, salinity, ABA, IAA, GA3, MeJA and SA, 
respectively. The pink, vermeil, red, green and blue bars indicated the detected mRNA 
relative amount in 0, 0.5, 1, 2, and 3h, respectively, after the drought treatment, or 0, 2, 4, 
8 and 16h after salinity or various hormone treatments. The expression level of control 
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These analyses showed that 54 out of 68 detected genes exhibited significant 
differences in their expression level under one or more stress treatments. These genes and 
their responses to stresses and treatments together with their phylogeny were shown in 
Fig. 3.17. Generally, under cold stress, most responsive genes showed down-regulation of 
their expression (Fig. 3.17). On the contrary, most of stress-responsive genes showed up-
regulation under the remaining 7 treatments including drought, salinity, ABA, IAA, GA3, 
MeJA and SA. On the other hand, the majority of WRKY genes (28 out of 54, 52%) were 
up-regulated by SA and only 8 genes were up- or down-regulated by GA3 treatment. 
By comparing the expression data with phylogenetic relationship, it was obvious 
that expression divergence was observed even in closely related gene clusters (Fig. 3.17). 
For example, the first cluster consisted of 5 members including 01g43550, 02g16540, 
10g42850, 02g47060, and 01g54600. They exhibited completely different expression 
patterns in response to different stress conditions (Fig. 3.17).  
3.3.5 WRKY genes regulated by abiotic stresses, phytohormones and the 
combinations of abiotic stress  and phytohormones  
Quantitative RT- PCR analyses showed that 41 WRKY genes were significantly 
regulated by abiotic stresses including cold, drought and salinity (Fig. 3.18). Among 
them, 22 WRKY genes were regulated by only one of these stresses (9 by cold or salinity 
and 4 by drought, Fig. 3.18). Another set of 17 genes were regulated by two of these 
three stresses (Fig. 3.18). The remaining 2 genes including 06g06360 and 11g02540 were 


















Figure 3.17: Phylogenetic tree of rice WRKY members and their expression profiles 
under stressed conditions. A) Neighbor-joining bootstrap consensus tree of 54 stress-
regulated WRKY members. Only one WRKY domain (C-terminal domain was selected if 
two domains were detected) amino acid sequences were used for the phylogenetic tree 
construction. B) Expression patterns of 54 WRKY genes under abiotic (cold, drought and 
salinity) and various hormone (ABA, IAA, GA3, MeJA and SA) treatment. The results 
were from two biologically replicated qRT-PCR analyses. The blue “d” indicated that the 
corresponding gene was significantly down-regulated by t-test under a stress treatment. 













Figure 3.18: Summary of expression analyses of WRKY genes under cold, drought 
and salinity treatments. A) Venn diagram showing the classification of genes inducible 
by cold, drought and salinity stresses based on qRT-PCR analyses. The inducible genes 
were classified into various groups showing the numbers with one or more stress-










Besides abiotic stresses, various hormones were also shown to play important 
roles in regulating WRKY gene expression. Totally, 41 WRKY genes were detected with 
significant differences in their expression levels under various hormone treatments (Fig. 
3.19A). Among them, 16 genes were regulated by only one of the 5 treatments. Thirteen 
and eleven WRKY genes were expressed in response to two and three treatments, 
respectively. Only one WRKY gene (01g09100) was regulated by four hormones 
including ABA, IAA, MeJA and SA. None of these WRKY genes was regulated by all 5 
treatments. 
Among the 16 genes regulated by only one hormone treatment, three genes were 
down-regulated by ABA treatment including 01g09080, 02g16540 and 09g16510; the 
other down-regulated gene was 05g50610 under IAA treatment (Fig. 3.19B). All the 
other genes were up-regulated by ABA, IAA, GA3 or SA and none of the genes was 
regulated only by MeJA (Fig. 3.19B). Among the 13 genes responsive to two hormone 
treatments, all of them were up-regulated (Fig. 3.19C). Interestingly, the highest ratio of 
WRKY genes (5 out of 13) was regulated by both MeJA and SA, suggesting the 
interaction of these two hormones (Fig. 3.19C). On the other hand, we have detected 11 
WRKY genes responsive to three treatments with 7 different hormone combinations. For 











Figure 3.19A and B: Summary of expression analyses of WRKY genes under various 
hormone treatments. A) Pie diagram showing the numbers of genes regulated by single 
hormone (shaded by blue color), two hormones (green), three hormones (vermeil) and 
four hormones (red). B) List of genes regulated by only one of five hormones. Blue bars 
indicate numbers of genes with up-regulation by the hormone and corresponding genes 
were listed in the right of the column. Vermeil bars indicate numbers of down-regulated 











Figure 3.19C and D: Summary of expression analyses of WRKY genes under various 
hormone treatments. Shaded bars in C and D indicated numbers of up-regulated genes 









Among 54 stress-responsive WRKY genes, 13 genes were regulated by only 
abiotic or hormone treatment and 28 genes were regulated by both abiotic and hormone 
treatments (Fig. 3.20A). These genes were listed in Figure 3.20B. This result suggested 
that some WRKY genes might play a role only in abiotic or hormone signal pathway and 
most of the stress-responsive WRKY genes might play an important role in abiotic 



































Figure 3.20: Summary of expression analyses of 54 stress-regulated WRKY genes 
under both abiotic and various hormone treatments. A) Venn diagram showing the 
classification of genes inducible by abiotic or hormone treatments based on qRT-PCR 
analyses. Inducible genes were classified into three groups, i.e., regulated by only abiotic 
stress (shaded by blue color), by only various hormones (shaded by grey color) and by 
both abiotic and hormone combinations (shaded by green color). B) List of three groups 






In this chapter we have described genome wide identification and expression 
patterns of three different multi-gene families namely GRAM domain, RIP domain and 
WRKY domain of rice grown under normal and various stress conditions. Of these three 
families, GRAM and RIP domain gene families were investigated using plants grown 
under abiotic, biotic and ABA stresses. The WRKY domain gene family and its 
involvement in the biotic stresses like bacterial, fungal infections and mechanical 
wounding were previously reported (Cheong et al., 2002; Journot-Catalino et al., 2006; 
Oh et al., 2006; Xu et al., 2006; Lippok et al., 2007; Zheng et al., 2007). On the other 
hand, the role of WRKY domain genes in the abiotic stresses and hormonal signaling are 
not studied extensively, so in this investigation we have performed a comprehensive 
examination of WRKY domain gene family member’s expression changes under abiotic 
stresses and hormonal treatments. 
3.4.1 Identification and highly divergent expression patterns of GRAM domain 
gene family 
We have performed a genome-wide identification of genes that encoding GRAM 
domain gene family proteins in rice and identified 17 genes which were distributed in 10 
of 12 chromosomes and were absent in chromosomes 5 and 11. We have analyzed 
expression patterns of GRAM domain family members in rice under normal and stressed 
conditions. Data analysis showed that most of the members were expressed in various 
tissues under normal growth conditions and some of them were up or down-regulated by 
various stress/ABA treatments. They exhibited high expression divergence among 
different tissues or under various stresses. Such divergence was observed even among 
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closely related members as revealed by phylogenetic analysis. In the meantime, either 
tandemly or fragmentally duplicated genes were also differentially expressed. Further 
investigation suggested that tandemly duplicated genes in rice might have higher level of 
expression divergence when compared with those from fragmentally duplicated genes 
(Jiang et al., 2008a). Such expression divergence was similar to that from the 
polygalacturonase gene family in Arabidopsis (Kim et al., 2006). One reasonable 
explanation may be that promoter regions were not duplicated in tandem duplication 
(Kim et al., 2006). However, our data showed that this effect was observed only at tissue 
level in rice, and no correlation was detected among their expression profiles under 
various stresses. 
Expression profiles showed that these genes play important roles in biotic stress-
related developmental processes including bacteria, fungi, and virus-related pathogen 
responses. In addition, our analyses showed that this gene family may act as a regulator 
of various environmental factors including salt, drought, cold and various hormone 
treatments and so on. In plants, these processes might be regulated by ABA dependent or 
independent stress signal pathways. 
3.4.2 The RIP family members were ancient but not ubiquitous 
BLAST searches against rice and other genomes showed that this family was not 
only present in rice but also in at least 58 other plant species, 11 bacterial and 39 viral 
genomes which suggested that RIP family was ancient. Interestingly, despite the fact that 
the whole genome was sequenced, we could not detect any RIP member in Arabidopsis 
by BLAST searches carried out using TIGR, TAIR (http://www.arabidopsis.org/), and 
MAtDB (http://mips.gsf.de/proj/thal/) databases (Jiang et al., 2008b). On the other hand, 
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although a RIP-like protein named TRIP was purified from tobacco (Nicotiana tabacum) 
leaves which showed strong N-glycosidase activity, it showed no sequence similarity 
when compared with known RIPs (Sharma et al., 2004). Until now, no RIP domain-
containing protein sequence from tobacco was deposited into public databases. 
Furthermore, a RIP-type activity has been detected in mammalian tissues (Barbieri et al., 
2001). However, no other animal RIP was either reported or its sequence information 
available in public databases. These facts suggest that RIP family is not ubiquitously 
present in all organisms and this family has evolved with species-specificity suggesting 
definite functions of this family. 
3.4.3 Tissue-specific and stress-induced expression patterns coincide with the 
developmental stages sensitive to various environmental factors 
To our knowledge, this is the first report on genome-wide expression analysis of 
these family members in plants. Our analysis indicated that most of the rice RIP genes 
were mainly expressed in one tissue either in young leaf or young/mature panicle, 
suggesting a tissue-specific function of this family of genes. On the other hand, rice 
plants generally show more sensitivity to various environmental factors including drought 
and salt stresses at the seedling and the reproductive stage when compared to the other 
developmental stages (Lutts et al., 1995; Lafitte et al., 2004; 
http://www.knowledgebank.irri.org/). Thus, the sensitive stages of rice plants to various 
stresses are parallel to the highest mRNA relative amount detected in these stages. 
Furthermore, some of OsRIP genes also exhibit varying responses to different stresses. 
Taken together, the data suggest that OsRIP gene family members might play important 
roles in response to various stresses. 
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3.4.4 OsRIP genes may be potentially useful for developing new plant varieties 
with higher tolerance to various stresses 
Although several reports showed expression patterns of RIP genes under various 
abiotic stresses, all efforts were focusing on improving plants against virus infection by 
transgenic techniques and no data was reported whether these RIP genes can be used for 
improving plants with higher tolerance to drought and salt stresses. Our expression data 
suggest that some of OsRIP genes may be regarded as potential candidates for improving 
and developing rice as well as other plant varieties with increased tolerance to various 
abiotic and biotic stresses by over-expressing or suppressing these genes. 
3.4.5 Annotation of WRKY genes in rice genome 
Several groups have reported the genome-wide identification and annotation of 
rice WRKY genes (Wu et al., 2005; Xie et al., 2005; Zhang and Wang, 2005; Ross et al., 
2007). However, different groups reported different numbers (ranging from 83 to 109) of 
WRKY genes in rice genome. For example, 102 WRKY genes were predicted by Wu et al. 
(2005) and 109 WRKY genes were identified and 4 of them were found to encode 
incomplete WRKY domain (Zhang and Wang, 2005). However, no sequence information 
was available for these predicted WRKY genes. Currently, 83 annotated WRKY genes 
have been deposited into TIGR database by Xie et al. (2005) 
(http://rice.tigr.org/tdb/e2k1/osa1/ca/gene_fams/3_5.shtml). In this study, we have 
identified a total of 103 WRKY genes. Compared to the latest annotation of 98 WRKY 
genes (Ross et al., 2007), the predicted member 11g45750 by their group was not 
included in our study since no WRKY domain was detected in its deduced amino acid 
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sequence. Furthermore, 6 other members were predicted to encode the WRKY domain 
including 01g62510, 04g04300, 08g09800, 08g09810, 08g09840 and 08g09900. Of 
these, both 01g62510 and 04g04300 encode only WRKY domain and their encoded 
proteins lacked the zinc-finger motifs. The remaining 4 genes encoded both WRKY 
domain and zinc-finger motif. Therefore, we included these 6 members subsequently in 
our analysis. RT-PCR and qRT-PCR analyses showed that no expression was detected 
for three genes including 01g62510, 04g04300 and 08g09800 both in different tissues 
and under various stress conditions. The remaining 3 genes were expressed in a few 
tissues (Fig. 3.14) and the expression of 08g09840 was up-regulated by drought, GA3, 
MeJA and SA (Fig. 3.17). 
3.4.6 Possible roles of WRKY genes under normal growth conditions 
We have investigated expression patterns of WRKY genes in 6 different tissues of 
rice plants grown under normal conditions by RT-PCR analyses. The expression data 
showed several WRKY genes were expressed in all tissues tested of which, a number of 
them showed tissue-specificity (Fig. 3.14). These expression profiles suggested 
divergence in biological functions of WRKY genes in plant development. The RT-PCR 
analyses also showed that only around 63% of WRKY genes showed expression at least in 
one of six tissues tested. Remaining 37% of these genes with no detectable expression 
signal might be expressed in other tissues such as stem and seeds or their expression level 
could be too low to be detected by RT-PCR analysis. Alternatively, these genes could be 
stress-inducible or pseudogenes. 
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3.4.7 WRKY genes expression in response to abiotic stresses 
WRKY transcription factors have been reported to be involved in various abiotic 
stress signaling pathways (Rizhsky et al., 2002; Seki et al., 2002; Mare et al., 2004; Zou 
et al., 2004; Hwang et al., 2005). In Arabidopsis, at least 4 WRKY genes were shown to 
be involved in drought, cold or salinity response (Seki et al., 2002). Upon salinity stress, 
the levels of 18 WRKY transcripts in Arabidopsis were induced more than 2 fold and that 
of 8 WRKY genes were repressed as shown by microarray analysis (Jiang and Deyholos, 
2006). In rice, 10 WRKY genes were differentially regulated by NaCl, polyethylene 
glycol (PEG), cold or heat (Qiu et al., 2004). In this study, we have detected 41 rice 
WRKY genes with significantly higher or lower expression by qRT-PCR analyses, when 
subjected to cold, drought or salinity stresses. Among them, 16, 19 and 26 WRKY genes 
were regulated by cold, drought and salinity respectively (Fig. 3.17). 
Since abiotic stress-regulated genes act either in an ABA-dependent or an ABA-
independent manner (Oh et al., 2005), we investigated the relationship between ABA- 
and abiotic stress-regulated WRKY genes. The result showed that among 16 ABA-
regulated WRKY genes, 12 were also regulated by cold, drought or salinity (Fig. 3.17). 
This result suggested that the majority of rice WRKY genes might be involved in abiotic 
stress signaling pathway in an ABA-dependent manner. 
3.4.8 WRKY gene signaling pathways mediated by various hormones 
Previous reports showed that ABA, GA and SA have been involved in WRKY-
mediated hormone signaling pathway during seed germination (Zhang et al., 2004; Xie et 
al., 2005; 2006; 2007). We also surveyed expression patterns of WRKY genes under the 
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treatment of these three hormones at seedling stage. Our data showed that only one 
WRKY gene (02g43560) was regulated by both ABA and GA3 (Fig. 3.17). Five genes 
were co-regulated by GA3 and SA; seven genes were by ABA and SA. These results 
suggested that these WRKY genes may play a role in hormone signaling pathways during 
seedling stage. 
On the other hand, accumulating evidence has shown that many WRKY genes 
positively or negatively regulate disease resistance in plants (Eulgem et al., 2000; Ulker 
and Somssich, 2004; Eulgem, 2006; Eulgem and Somssich, 2007; Ross et al., 2007). In 
rice, at least 4 WRKY genes were reported to be involved in disease including OsWRKY03 
(Liu et al., 2005), OsWRKY13 (Qiu et al., 2007), OsWRKY45 (Shimono et al., 2007) and 
OsWRKY71 (Liu et al., 2007). Since local and systemic defense responses in plants are 
controlled by mutually antagonistic hormones SA and JA (Bostock, 2005), expression 
analyses of WRKY genes were carried out to investigate the response of SA or JA. In rice, 
at least 7 WRKY genes were differentially regulated by SA or JA (Ryu et al., 2006). We 
have detected 28 WRKY genes with significant difference in their transcript levels 
following SA treatment (Fig. 3.17). Among the 12 MeJA-regulated WRKY genes, 11 
genes were also regulated by SA, suggesting an interaction between these two hormones 
signaling pathways and signifying the importance of rice WRKY genes in plant defense 
responses. 
Based on the inference from our investigations regarding the three multi-gene 
families, genes of GRAM, RIP and WRKY domains that we identified are potential 
candidates for genetically reconstructing a multi-stress tolerant rice plant. By over- or 
under-expressing these candidate genes through transgenic studies, we are in the process 
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of establishing a few elite varieties of rice with multiple stress tolerance so as to meet the 






















Generation of Ds transposon lines and Ac/Ds transposition behavior in 
rice (Oryza sativa) genome 
4.1 Background 
The Ac/Ds transposon system has been widely studied in rice. The autonomous Ac 
element was shown to transpose at high somatic and germinal transposition frequencies 
in rice (Enoki et al., 1999; Greco et al., 2001), but transgene silencing of the elements 
was also observed (Shimamoto et al., 1993; Izawa et al., 1991; 1997). Gene trap and 
enhancer trap systems were tested in rice in order to obtain stable Ds insertion lines 
however, there are reports showing predominant closely linked transposition events 
(Nakagawa et al., 2000; Chin et al., 1999; Upadhyaya et al., 2002). These studies have 
indicated that maize Ac/Ds transposon system can be used in rice as a potential 
insertional mutagen, nevertheless more efficient selection systems have to be developed 
to increase its utility in functional genomics. 
Transposon tagged lines have become valuable resources for functional genomics 
in both dicots and monocots. It was shown that the Ac/Ds system with an effective 
selection scheme could be a powerful tool for random insertional mutagenesis in rice and 
a large number of Ds transposants has been generated by the rice research community 
(Izawa et al., 1997; Chin et al., 1999; Nakagawa et al., 2000; Jeon and An 2001; 
Upadhyaya et al., 2002; Greco et al., 2003; Ito et al., 2004; Kim et al., 2004;  Kolesnik et 
al.,2004; Jiang et al., 2007). However, this system seemingly had inherent problems like 
silencing of Ds elements, unstable expression of transgene (transposition marker) and less 
independent transpositions among siblings. The inactive Ds element prevents generation 
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of revertant or multiple alleles, which are necessary to verify the function of the tagged 
gene. 
Transgene silencing inhibits the selection of transposants and even in a moderate 
case alters the segregation ratio by yielding false negative results. Loss of Ds mobility 
was observed during successive generations in rice, even though Ac remained active in 
these lines up to R6 generation (Izawa et al., 1997; Kim et al., 2002). In such cases where 
Ds was silenced, the immobilized Ds could be efficiently reactivated through tissue 
culture and linked with demethylation of its terminal inverted repeats (TIRs) (Izawa and 
Shimamoto 1999; Kim et al., 2004), which are the recognition sites for the transposase. 
Methylation of the whole transposon cassette, including the BAR gene was responsible 
for the inhibition of Ds transposition and transgene expression in T2 and T3 generations 
of Ac/Ds enhancer lines in rice (Greco et al., 2003). On the other hand, Enoki et al. 
(1999) did not observe any significant change in the methylation status of Ds element in 
the transpositionally inactive lines and proposed involvement of other factors in the 
silencing. Kim et al. (2004) have shown that in a two-component system the Ds starter 
lines were inactivated, even in the presence of Ac. Transgene silencing has been 
extensively analyzed and summarized by Iyer et al. (2000). They concluded that silencing 
was often associated with rearrangement or complex multicopy patterns of transgene 
integration. Tissue-specific gene silencing was detected in rice by β–glucuronidase 
reporter gene driven by the rice tungro bacilliform virus promoter. The loss of expression 
in the vascular bundle was correlated with methylation of the promoter region (Klöti et 
al., 2002). 
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Our knowledge on the developmental timing of Ac/Ds transposition is rather 
limited and the information available is variable and not conclusive. Early excision 
occurred in Arabidopsis (Honma et al., 1993; Balcells and Coupland 1994; Smith et al., 
1996), tobacco (Keller et al., 1993) and in rice (Greco et al., 2001) when Ac was 
expressed under CaMV35S promoter or native promoter adjacent to CaMV35S double 
enhancer. In contrast, Ds transposed late during the developmental stages of the 
reproductive cells or germline in Arabidopsis, barley and tomato, when transposase was 
supplied by its own promoter (Bancroft and Dean 1993b; Rommens et al., 1993;  Koprek 
et al., 2001), giving rise to independent transposants within the same family. Even 
excision of identical Ac elements from two maize waxy loci showed differences in the 
developmental timing, the sequence or its location were not responsible for such behavior 
(Fedoroff, 1989). 
The timing of Ac/Ds transposition has not been analyzed in rice, although some 
reports have shown that transposition varied among plants regenerated from the same line 
via tissue culture (Greco et al., 2003; Kim et al., 2004). Previous reports showed that the 
same transposition events are as a result of excision that occurred during early stage of 
callus development (Greco et al., 2003; Kim et al., 2004). On the other hand our data 
showed that two or more independent Ds transpositions could occur with in the same F1 
plant. Seventy nine percent of F2 families came from the F1 plant had at least two 
different transposition events (Kolesnik et al., 2004). Similarly, different transposition 
frequencies and patterns were detected among panicles from the same F1 plant, 
suggesting that Ds transposes after the differentiation of panicle’s primordial cells (Ito et 
al., 2004). 
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Despite previous reports on Ac/Ds behavior in rice, no systematic studies have 
been reported to evaluate the Ac/Ds gene trap system on a large population of 
independent, stable Ds transposants. We have observed a very high level of somatic and 
germinal transposition frequencies of Ds and shown different transposition pattern among 
siblings. Analysis of Ds flanking sequences of independent single copy lines and 
distribution of transposed Ds elements in the genome revealed preferential transposition 
of Ds into genes. Over twenty thousands stable Ds insertion lines were generated and 
more than four thousands FSTs were obtained. In the mean time we have performed a 
systematic approach to evaluate the validity of Ac/Ds system as a tool for functional 
genomics in rice by analyzing several hundreds of Ds insertion lines in detail to study the 
stability and timing of Ds transposition in rice. 
4.2 Generation of Ac/Ds parental lines 
We have introduced a two-element Ac/Ds gene trap system modified from the 
version used in Arabidopsis (Sundaresan et al., 1995) into rice (O. sativa ssp. japonica, 
cv. Nipponbare) plants by Agrobacterium-mediated transformation. In this system, an 
immobilized version of Ac in which the transposase gene is under the control of 
cauliflower mosaic virus 35S (CaMV35S) promoter was used. The non-autonomous Ds 
element carries the BAR gene encoding phosphinothricin acetyltransferase conferring 
resistance to phosphinothricin (herbicide Basta), which serve as a selection marker and a 
modified promoter-less GUS gene encoding β-glucuronidase as an expression marker. 
The GUS gene used in Ds construct has the same intron and triple splice acceptor 
sequences upstream of ATG codon as in the gene trap Ds element used successfully in 
Arabidopsis (Sundaresan et al., 1995). The synthetic green fluorescence protein (sGFP, 
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Chiu et al., 1996) was used under maize ubiquitin promoter as negative selection markers 
within both the Ac and Ds T-DNA constructs (Fig. 4.1). 
In order to select potential parental lines for crosses, we subjected independent T-
DNA lines, 42 harboring Ac transposase and 82 carrying Ds element to Southern 
hybridization to estimate the copy number of the transgene. Only plants containing single 
copy T-DNA insertion (20 Ac and 31 Ds) were selected as potential candidates for starter 
(parental) lines. T-DNA flanking sequences were obtained by thermal asymmetric 
interlaced (TAIL)-PCR (Liu et al., 1995) and were confirmed by re-amplification of 
appropriate fragment using their genomic DNA with combination of T-DNA border and 
flanking sequences specific primers. Fifteen single-copy T-DNA lines (6 Ac and 9 Ds) 
were selected as starter lines on the basis of growth parameters and fertility. Five Ac and 





















Figure 4.1:  Ac and Ds T-DNA Vectors.  
RB and LB, right and left borders of T-DNA; 35S, CaMV35S promoter; Ac, immobilized 
transposon; Ubi, maize ubiquitin promoter; GFP, green fluorescent protein; HPT, 
hygromycin phosphotransferase gene; GUS, β-glucoronidase gene; BAR, 
phosphinothricin acetyltransferase gene; ACT1, rice actin promoter; I, intron from 
Arabidopsis G protein gene; A, triple splice acceptor; Red rectangles refer to nopaline 
















Table 4.1:Location of Ac and Ds elements in parental T-DNA lines on rice genome 
















Ac1 3 OSJNBa0042I09 83578 156.3 
Ac2 7 P0580A11 84541 62.4 
Ac3 12 OSJNBa0068D20 165234 136.6 
Ac4 10 OSJNBa0001K12 55547 44.6 
Ac5 NA  -  -  - 
Ac6 4 OSJNBb0011N17 91009 72.8 
Ds1 1 OSJNBa0083M16 111299 10.7 
Ds2 2 P0471A11 52862 138 
Ds3 2 OJ1249_F12 63515 144.6 
Ds4 1 P0011D01 49915 49 
Ds5 8 P0438H08  27736 27.1 
Ds6 3 OSJNBb0036D03 76054 46.6 
Ds7 11 P004C07 128182 101.9 
Ds8 5 OJ1116A05 7851 5.6 
Ds9 10 OSJNBa0050N08 127543 26.1 











4.3 Large-scale generation of unlinked transposants 
Large numbers of F1 seeds were produced using 25 different cross combinations. 
Self-pollinated F1 plants gave rise to F2 families with an average of 350 seeds per family 
which were screened for fluorescence as described in chapter 2, section 2.2.1. GFP 
negative (GFP-) seedlings (ca. 1/16th of the total) unlinked to the Ac and Ds T-DNA loci 
were selected for further analysis (Fig. 4.2). GFP segregation was observed in families 
and there were some GFP-positive (GFP+) families, presumably due to self-pollination of 
starter lines. From each family up to 15 GFP- seedlings were planted into the soil and 
screened for Basta resistance (BastaR) to identify putative transposants. F2 families were 
resistant to herbicide varying from 1 to 6 siblings per family. In order to confirm the 
BastaR lines, BAR-PCR was carried out using genomic DNA of the BastaR siblings from 
the families as template. At least one BAR-PCR positive (BAR+) sibling was detected in 
each of 80% families and remaining 20% of survivors were attributed to escapes from 
Basta selection. Since it was the first batch of large-scale screening, we selected putative 
BastaR plants in order not to loose the real survivors. 
The second batch of large-scale analysis showed that more than 95% of F2 
families were BAR+ as we increased the stringency of plant selection process. In addition 
to this the discrepancy could be attributed to unequal distribution of the herbicide during 
Basta spraying. Germinal transposition frequency was calculated by analyzing a selected 
set of herbicide resistant and BAR+ F2 families (originated from hundred or more F1 




















Figure 4.2: Strategy for generation and selection of unlinked transposants.
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Ac1 x Ds1 1050 558 53 757 72 
Ac1 x Ds3 882 414 47 513 58 
Ac1 x Ds9 319 167 52 203 64 
Ac2 x Ds4 187 86 46 137 73 
Ac3 x Ds2 116 30 26 37 32 
Ac3 x Ds4 292 47 16 47 16 
Ac4 x Ds2 170 33 19 34 20 
Ac4 x Ds3 625 300 48 384 61 
Ac5 x Ds1 348 116 33 245 70 
Ac5 x Ds2 1525 640 42 820 54 
Ac5 x Ds3 2500 655 26 813 33 
Ac5 x Dsx 107 64 60 75 70 
Ac6 x Dsx 599 283 47 348 58 
Total 8720 3393 39 4413 51 
 
Germinal transposition frequency was calculated as the percentage of 
number of GFP negative and BAR positive F2 families out of total 
number of F1 plants generated. BAR+; BAR positive, Dsx-unknown 








An average 39% of the F2 families showed germinal transpositions, when one 
sibling per family was randomly picked up and analyzed by BAR-PCR. If one BAR+ 
sibling per family was taken into account the putative germinal transposition frequency 
was increased to 51%. The frequency values ranged from 16% to 73% depending upon 
the starter lines used for crosses.  
To check the presence of Ac parental locus in these putative transposants, 363 
randomly selected BAR+ DNA samples were subjected to Ac-PCR. The expected product 
could only be amplified from 5% plants indicating high efficiency of negative selection 
using the visual marker. In order to determine the copy number of Ds in putative 
transposants Southern hybridization was carried out and the results showed that 98% of 
the lines carried single-copy of transgene.In contrast to others, the high frequency of 
single copy Ds lines could be due to negative selection against donor loci which might 
prevent linked multi-copy transposants from mutant population. 
4.4 Ds Starter lines maintained their activity through several generations 
In order to check the activity of Ds transposition in our parental lines, we selected 
two Ac (Ac1 and Ac5) and four Ds (Ds1, 2, 4 and 5) parental lines in T4 generation and 
performed crosses in several cross combinations to obtain F1 seeds. Ac promotes Ds 
excision and reinsertion in trans, and the somatic transposition can be monitored in F1 
plants by GUS assay. The gene trapped Ds construct contains a promoterless β-
glucuronidase (GUS) reporter gene, which expresses when Ds is transposed into 
transcribed region in the correct orientation. Leaf samples from 187 F1 plants were 
subjected to histochemical staining and their GUS expression patterns were investigated. 
The number of blue sectors indicated the frequency of insertion, while the size of the blue 
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area designated the developmental time at which transposition occurs. We detected small 
GUS sectors along the leaves from all eight cross-combinations. Somatic transpositions 
were observed in 159 F1 plants out of 187 examined, the average transposition frequency 
was calculated as 85 %. 
To investigate the unlinked germinal transposition frequency, the above F1 plants 
were self-pollinated and the F2 generation was analyzed from 58 families representing 7 
cross combination. Approximately 1,000 seeds were imbibed in water for two days and 
the screens for GFP fluorescence were carried out in order to eliminate GFP-linked Ac 
and Ds donor loci (Kolesnik et al., 2004). The GFP negative (GFP-) seeds were planted 
on soil and leaf suspensions from the two-week-old seedlings were screened for the 
presence for Ds cassette by PCR reactions using Ds-, BAR- and GUS-specific primers, 
respectively. Genomic DNA was isolated from PCR-positive samples and was subjected 
to Southern hybridization using internal fragments of GUS gene as a probe to confirm the 
Ds insertion. We have isolated unlinked transposants which were GFP negative (GFP-) 
and BAR positive (BAR+) from 34 out of 58 screened F1 plants and demonstrated that Ac 
could activate Ds elements from all parental lines (Table 4.3). Unlinked germinal 
transposition frequency was calculated by dividing the number of GFP- and BAR+ F2 
families with the total number of F1 plants tested from the particular cross-combination. 
The unlinked transposition frequency of Ds was estimated as an average of 59 %, slightly 
higher than the results obtained when T2 and T3 starter lines were used for crosses. This 
frequency includes background lines in which Ds might have transposed into GFP 
cassette abolishing its function, however the frequency of such events is relatively low 
(Kolesnik et al., 2004). 
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No. of  
F1 plants  
Generated 
No. of  
F1 plants 
tested 
F1 plants  
with GFP-BAR+ 
seeds (%)a 
Total No. of 
GFP-BAR+ 
F2 seeds 
Ac1 X Ds1 13   6   3 (50)   15 
Ac1 X Ds2 13   5   3 (60)     9 
Ac1 X Ds4   5 NT -   - 
Ac1 X Ds5 28   4   2 (50)     4 
Ac5 X Ds1 34 15 12 (80)    86 
Ac5 X Ds2 46 15   7 (47)   18 
Ac5 X Ds4 27   4   2 (50)     6 
Ac5 X Ds5 21   9   5 (55)   12 
Total 187 58 34 (59) 150  
 
a; Values in the parenthesis are the percentages of germinal transposition frequencies: 
number of F2 plants with GFP- and BAR+ siblings over the total number of F1 plants 












4.5 Stable BAR gene expression in F3, F4 and F5 generations of Ds transposon 
lines 
We studied potential transgene silencing during propagation of Ds transposon 
lines by analyzing them from F3 and successive generations for Basta sensitivity, since 
we used the BAR gene as a transposition marker and its silencing has been reported in 
monocots (Iyer et al., 2000). Two batches of F3 seeds were tested: the first batch was 
from the putative 5,756 BastaR families we have reported earlier (Kolesnik et al., 2004) 
whereas the second batch contained 861 BastaR families from a second mutagenesis 
experiment. In this study, BastaR seedlings were scored stringently compared to the first 
batch. Seeds were collected from all lines and germinated, two-week-old seedlings were 
sprayed with herbicide. Results of Basta selection of the first batch re-confirmed the 
presence of 20% sensitive lines, which were not eliminated in F2 generation. On the other 
hand only 5% of the 861 lines were sensitive for the herbicide in the second batch (Table 
4.4). A similar treatment on 611 and 680 F4 families of batch 1 and 2, respectively, 
detected less than 1% BastaS lines, whereas subsequent analysis of 463 families of first 
batch at the F5 and F6 generation uncovered no BastaS lines at all. Similarly all of the 
678 F5 families of second batch survived the herbicide treatment. 
In order to search further for signs of possible transgene silencing, we have 
analyzed 37 randomly selected F3 BastaS lines from the first batch for presence of Ds 
element and for expression of the BAR gene. We planted 30 seeds each into two separate 




Table 4.4: Summary of Basta sensitivity of single copy Ds lines from F3 to F6 
generations. 
Generations Families Batch I Families Batch II 
No. of Treated Lines 5756 861 F3 
  No. of BastaS 1151 (20 %)a 43 (5 %) 
No. of Treated Lines 611 680 F4 
  No. of BastaS 9 (<1 %) 2 (<1 %) 
No. of Treated Lines 463 678 F5 
  No. of BastaS 0 (0 %)   
No. of Treated Lines 463 NA F6 
  No. of BastaS 0 (0 %) 0 (0 %) 
 
a; Percentages represent the number of families died (after herbicide treatment) by total 














Four siblings from each BastaS family were pre-screened for the presence of transgene by 
PCR using BAR-, GUS- and Ds-specific primers as well as rice ACTIN gene specific 
primers as a positive control. PCR results were confirmed by subsequent Southern 
hybridization using BAR gene as a probe. The result showed that these BastaS lines were 
negative for BAR gene. These findings further substantiated that these lines were 
escapees in the first batch of Basta screens. 
Additionally, we performed Southern blot analysis using Ds parental lines to 
assess the methylation status of transgenes (BAR and GUS) in the Ds cassette (Fig. 4.3A). 
Southern blot membranes from the previous experiments were stripped and hybridized 
with DIG-labeled ACTIN, BAR and GUS probes, separately.Incomplete Sau3AI digestion 
was observed on the blot hybridized with probe D (Fig. 4.3B); this could indicate a 
limited amount of methylation of promoter region; however no such phenomenon was 
observed in the DNA samples cleaved with other methylation sensitive enzymes, even 
when an isoschizomeric pair (HpaII and MspI) was used for testing promoter 
methylation. The fact, that all 30-40 Basta sprayed plants from each Ds parent survived 
the treatment also confirmed, that the effect of possible methylation if any must have 
been negligible on the gene expression. 
4.6 Ds element can be remobilized in the F5 generation of stable transposants 
In order to test whether germinal revertant can be generated by re-mobilizing the 
Ds from stable insertion lines, we have crossed ten randomly selected homozygous single 



















Figure 4.3: Southern blot analysis of the methylation status of Ds construct in the 
starter lines. (A) Schematic representation of the Ds-T-DNA locus. Small arrows above 
the diagram indicate Sau3AI recognition sites within the Ds cassette, lines connecting 
some of the arrows and numbers above the lines indicate fragments with their sizes (kb) 
on the blots. Thick lines below the construct diagram depict probes used (A, T-DNA-Ds 
junction; B, Ds; C, Ds-Actin1 promoter junction; D, Actin1 promoter). (B) Genomic 
DNA of four Ds starter lines and WT were digested Sau3AI, HpaII and MspI methylation 
sensitive enzymes. Membranes hybridized with probes specific to TIRs of Ds element 
(Probes A and B) and to the transgenes (Probes D and E). The asterisk indicates binding 
to the endogenous rice actin promoter gene in DNAs hybridized with actin probe. 
Sau3AI Sau3AI Sau3AI Sau3AI
probe A                       probe B                     probe D                     probe E               









1       2       4         5   1        2      4       5   
probe B                                                         probe D
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1.2 1.2 0.57 0.63 0.66 0.5 
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The Ds element excised in the presence of transposase leaving behind footprints 
due to the inaccurate excision, the transposon can reinsert elsewhere in the genome or 
subsequently lost. Five to ten revertant (R1) seeds were planted and R2 seeds were be 
collected. Several hundreds of R2 DNA samples for each of the cross combination were 
subjected to PCRs to detect the excision of Ds element and identify footprints. Individual 
primers flanking the Ds element were designed for all insertional lines based on Ds 
flanking sequence tag. In order to select lines with excised transposon, BAR-specific 
primers were used to detect un-transposed or excised and reinserted element 5’ or 3’ Ds 
primers with the corresponding flanking primers (FP) to confirm the excision and 
flanking primers alone to isolate footprints. Plants with positive results from the first two 
PCRs carried untransposed Ds elements. Plants in which excision accompanied with 
reinsertion of Ds were picked up as BAR+ and Ds/FP- samples, and footprints were 
amplified from these lines. 
The reinsertion frequencies varied from 9-36 % based on the analyses of the 
selected samples depending on the transposants, since we used the same Ac line. The 
sequence analysis of the revertant plants revealed empty donor site indicating that the Ds 
has “jumped” out from the insertion site in all 10 lines (Fig. 4.4). In revertant 8 (Rv8) the 
Ds excised perfectly leaving behind only the 8bp target duplication, in Rv9 one 
nucleotide and in Rv1 and Rv10 two nucleotides have been deleted from one of the target 
site duplications. The whole target site was deleted from one side of the transposon and 
additional 7bp sequences were identified in Rv5. In the remaining lines deletion of 


















Figure 4.4: Footprints analysis of revertants showing Ds excision. Empty donor sites 
were generated by crossing 10 homozygous single copy Ds insertion lines from F5 
generation with homozygous plants harboring immobilized Ac element. The top lines 
show the sequence at the insertion site, the lines below display empty donor site 
sequences created by Ds excision. The 8bp target site duplications are marked with 
underlined bold letters. 
 
 
7       GGCATCGATAAACTCCTA AACTCCTAAGGTTGAAGG
7 Rv GGCATCGATAAACTCC GGA AACTCCTAAGGTTGAAGG
8       AGACATCACTCTTGTTAG CTTGTTAGTTAGCAAACC
8 Rv AGACATCACTCTTGTTAG CTTGTTAGTTAGCAAACC
6       TAGCCAGGTCGAGGTGAA GAGGTGAACCCCAAGATG
6 Rv TAGCCAGGTCGAGGTGA CA GAGGTGAACCCCAAGATG
9       CCGCAGGGCCGTCGCGGC GTCGCGGCCGCTCCACCT
9 Rv CCGCAGGGCCGTCGCGGC TCGCGGCCGCTCCACCT
10      GCTGAAACCTGACTACCA GACTACCAGTAATATTAG
10 Rv GCTGAAACCTGACTACCA CTACCAGTAATATTAG
3       CGTCGATGGCGCTGGTGA GCTGGTGAAGGTGGTGGT
3 Rv CGTCGATGGCGCTGGTGA TT TGGTGAAGGTGGTGGT
4       TCGGTTCGAGTGGACTCC TGGACTCCGGTGGTCAGC
4 Rv TCGGTTCGAGTGGACTCC GCC ACTCCGGTGGTCAGC
2       CCTTTTGTCACACGCAGG CACGCAGGCAACACAACG
2 Rv CCTTTTGTCACACGCAG C CACGCAGGCAACACAACG 
1       ACCTGCTCAGGACAGAAC GACAGAACCCCCACCACC
1 Rv ACCTGCTCAGGACAGAAC CAGAACCCCCACCACC
5       TTCTGCCACAATACCTCC ATACCTCCCATAGTTGAT












These results showed that the stably transposed Ds element was active even at F5 
generation in the presence of Ac transposase. 
4.7  Developmental timing of Ds transposition 
Our study has shown that more than 80% of F2 families had at least two siblings 
with Ds transposed to different locations, when the CaMV35S promoter driven Ac was 
used as a transposase source (Kolesnik et al., 2004). Based on this observation we 
proposed that Ds transposed late in rice development, possibly post-tillering stage, as the 
independent transposition events were obtained within a family. The different 
transposition events among these siblings from the same family could be due to either 
secondary (Ds transposed twice) or subsequent transpositions. In order to confirm this 
hypothesis we searched for empty donor sites, which are the most common features of 
Ac/Ds transposition. The absence of footprints would indicate primary transposition. 
Alternatively, the presence of footprint would label the former insertion site, thus 
indicating two subsequent transposition events. Families with two or more independent 
events (siblings with different FST) were selected for analysis of possible footprints by 
reciprocal PCR (Fig. 4.5A). We have tested 70 siblings from 21 families (Table 4.5), the 
sequences isolated from mutant plants were perfectly aligned with the wild type one; 
footprints were not detected from any lines for example refer Fig. 4.5B. These results 
suggest that primary transpositions might contribute to the high number of independent 









Table 4.5: Number of transposants tested for possible footprints by reciprocal PCR. 
 
Transposition Eventsa No. of Families 
Analyzed 
No. of Siblings  
per Family 
No. of Siblings 
Analyzed A B C 
 3 4 12 2 1 1 
 1 3 3 1 1 1 
 4 4 16 3 1 0 
 2 4 8 2 2 0 
 9 3 27 2 1 0 
 2 2 4 1 1 0 
Total    21  70    
 
























Figure 4.5: A strategy for detection of primary transposition event by analyzing 
target sequences with reciprocal PCR. (A) The schematic diagram shows three F2 
siblings (A, B and C) originated from an F1 plant with independent events. The Ds 
element transposed to chromosomes X, Y and Z in siblings A, B and C, respectively. F-
forward primers; R- reverse primers; FA, FB and FC as well as RA, RB and RC are forward 
and reverse primers anchored to flanking regions of insertion sites in siblings A, B and C, 
respectively. (B) An actual example for the result of reciprocal PCR analysis. The DNA 
samples from siblings B, C and wild type were subjected to PCR with FA/RA primers 
























Wild type AACGAATGGCAGAGAAGCACGGTTTTGGACATTTGTGGAAGAAGACAATGGTGTCAGTCC 176 
Sibling B AACGAATGGCAGAGAAGCACGGTTTTGGACATTTGTGGAAGAAGACAATGGTGTCAGTCC 177 





Despite the fact that there were only primary transpositions in the 21 families 
analyzed, in several lines transposition events targeted different locus among siblings 
(refer Table 4.5). In order to study the timing of transposition of Ds element we have 
analyzed transposition pattern in siblings originated from individual panicles of the same 
F1 plant. We have harvested seeds by panicles from 58 F1 plants derived from 7 cross-
combinations. The imbibed F2 seeds were screened for GFP to select against Ac- and Ds-
linked donor loci, and two-week-old GFP- seedlings were treated with Basta herbicide to 
obtain putative unlinked transposants. Families with none or only one transposant were 
eliminated from this study. Families with multiple transposants were carefully analyzed 
for transposition by PCR and Southern hybridization in order to detect the Ds element 
and compare their insertion positions in transposants originated from same or different 
panicles of a single F1 plant. Southern blots revealed that 14 out of 21 F2 families 
possessed multiple transposants within one panicle of an F1 plant (Table 4.6). However, 
these transpositions were not independent indicating that the events are same within one 
panicle (e.g. Fig. 4.6 lane 45-10-1 and lane 45-10-3). 
On the other hand, when transposants derived from different panicles of the same 
F1 plant were compared, the transpositions were independent (e.g. Fig. 4.6, lane 45-02-1, 
lane 45-10-1 and lane 45-15-1). TAIL-PCR was performed on samples having variable 
hybridization pattern. Altogether 109 plants representing 70 panicles (21 F1 families) 
were analyzed by comparing their flanking sequences and their Southern hybridization 
patterns, alternatively. The TAIL-PCR data were consistent with the Southern results, 
generally 2-3 different events were detected from 16 out of 21 (76%) lines indicating that 
the Ds transposes late in rice development (Table 4.6). 
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No. of Panicles 
with GFP-BAR+ seeds 
F2 Plants 
No. of GFP-BAR+ 
No. of Independent 
Transposition Events
02a 4 6 3 
12a 2 3 2 
13a 2 3 2 
45a 5 6 3 
50a 3 6 2 
82 4 4 3 
90a 3 4 2 
91a 5 8 3 
94a 3 6 2 
95a 3 4 1 
96 2 2 2 
102a 2 5 1 
111a 12 26 3 
113 3 3 2 
120 4 4 3 
144a 3 5 2 
150 3 3 3 
162 2 2 2 
234a 2 3 1 
247 2 2 1 
253a 1 4 1 
Total    21 70 109 45 
 





















Figure 4.6: Transposition pattern in siblings originated from individual panicles of 
an F1 plant. Each blot represents the results obtained from an F1 family. Genomic 
DNAs from GFP- and BastaR F2 plants were cleaved with BclI, which has only one 
recognition site within the Ds cassette outside the probe sequence, and the blots were 
hybridized with DIG-labeled internal fragment of GUS gene. Bold numbers above lines 
mark F1 families; double numbers above lanes designate F2 siblings with panicle and 







































































































































































In this chapter we have described successful generation of Ds transposants and the 
behavior of Ac/Ds system in rice with respect to timing and issues like transposon and 
transgene silencing. 
4.8.1 Generations of Ac/Ds transposants 
We have successfully generated a large collection of independent Ds insertion 
lines in rice using Ac/Ds transposon system which is modified from the method originally 
developed in Arabidopsis (Sundaresan et al., 1995). In our study, in order to enrich 
unlinked Ds transposants among mutant lines, we have utilized GFP as a negative 
selection marker in Ds construct instead of the iaaH gene (encoding indole acetic acid 
hydrolase) previously used in Arabidopsis (Sundaresan et al., 1995). In addition to this, 
GFP was also introduced in the Ac construct to select for stable Ds insertion lines without 
Ac donor locus (Kolesnik et al., 2004). 
Although there are several reports on Ac/Ds tagging in rice, but large-scale 
analysis of distribution of Ds insertions has not been performed. In Arabidopsis 356 
(Parinov et al., 1999) and 260 (Raina et al., 2002) Ds insertion sites were anchored to the 
physical map and their distribution pattern was shown. In our study more than one 
thousand Ds insertions were located on the physical map of rice chromosomes and 
distributions of 979 insertions were analyzed (Kolesnik et al., 2004). 
In our study we have demonstrated that proposed Ac/Ds system can be used for 
high-throughput random saturation mutagenesis in rice. More than 95% of the insertion 
lines were stable and carried a single copy of Ds which makes molecular and genetic 
analysis of mutants feasible. On an average half of the F2 families analyzed had at least 
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one sibling unlinked and most of the families showed more than one independent 
transposition event. Preferential transposition of Ds into transcribed regions can make 
this system applicable not only to functional genomics in rice, but also to other cereals 
with larger genomes (Kolesnik et al., 2004) 
4.8.2 Large-scale behavioral studies of Ac/Ds transposants 
Even though the maize Ac/Ds tansposon system is one of the  frequently used 
tools for studying the gene functions in several heterologous species including 
Arabidopsis, rice and barley (Ramachandran and Sundaresan 2001; Koprek et al., 2000). 
Various disadvantages (e.g. with silencing, timing, etc.) have been reported during Ac/Ds 
insertional mutagenesis from several plants (see e.g. Bancroft and Dean 1993; Keller et 
al., 1993; Greco et al., 2003). Although these problems have been encountered 
repeatedly, their systematic analysis has not been performed. We have reported a detailed 
study on stability and timing of transposition through the analysis of rice Ds transposants 
generated by our group (Kolesnik et al., 2004). 
Inactivation of Ds in the starter lines is an undesirable consequence, as it prevents 
the applicability of the starter line for maintenance or use, and necessitates tedious 
approaches (e.g. tissue culture) for its re-activation (Kim et al., 2002). The methylation of 
Ds elements has been suspected as the mechanism behind the silencing, as it was shown 
early that only the hypomethylated Ac could excise from maize waxy locus and 
methylated could not (Chomet et al., 1987). Southern hybridization on four Ds parental 
lines using several methylation-sensitive enzymes resulted in the predicted hybridizing 
fragments with various probes. The hybridization data indicated that the Ds cassette 
(including the TIRs) in these parental lines was not methylated (Szeverenyi et al., 2006). 
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Moreover, we also showed in vivo that the transposon was active in all starter 
lines, as Ac1 and Ac5 could both mobilize the Ds element from each of the four donor 
loci. The somatic (85%) and germinal (59%) transposition frequencies obtained from 
crosses between T4 generations of Ac/Ds parental lines were slightly higher than those 
observed earlier with T2 lines (Kolesnik et al., 2004). These results clearly showed that 
the activity of Ds element could be preserved even at the T4 generation and the 
propagation of parental lines did not induce transposon silencing. 
Several groups have also reported that Ds is silenced in rice not only at the donor 
site, but also at the transposed locations in the third and subsequent generations even in 
the presence of Ac transposase (Izawa et al., 1997; Chin et al., 1999; Han 2002; Kim et 
al., 2004). We have tested 10 homozygous stable transposants by crossing them with 
homozygous plants harboring Ac transposon in order to mobilize the Ds element and 
estimated the reinsertion frequencies of up to 36 % by analyzing the R2 plants. The actual 
excision frequency might be much higher, since only a portion of revertans was screened 
and excised and re-insert Ds elements were detected. All the lines tested showed 
footprints, indicating the excision of the Ds from its transposed locus, suggesting that the 
silencing was not occurring in our Ds insertion lines either. 
4.8.3 The transposition marker BAR gene is not silenced in our Ds transposants 
collection 
Transgene silencing of BAR gene, the transposition marker has been observed in 
monocots (Rathore et al., 1993; Oard et al., 1996; Park et al., 1996; Iyer et al., 2000). 
Since the selection of our tranposants and subsequently, the Ds segregation and zygosity 
analysis were performed using herbicide treatment, we tested our Ds insertion lines for 
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BAR gene silencing. In our previous study we found that 20 % of all tested lines were 
BastaS at the F2 generation. Testing by BAR-PCR proved that these families were 
escapees from Basta selection due to less stringent selection following herbicide 
treatment as opposed to BAR gene silencing (Kolesnik et al., 2004). In the present study 
we have performed a repeated, large-scale analysis in the F3 generation by using the 
same set (first batch) and another set of plants (second batch), which have been subjected 
to stringent selection from the beginning. Our data yielded 20 and 5% BastaS lines in the 
first and second batches of transposants, respectively. Upon further analysis by Southern 
hybridizations using 37 BastaS lines from the first batch, none of these lines possessed 
BAR gene indicating that these were escapes from the screens. Only 1% of over 1,200 F4 
lines from the herbicide survivors of F3 turned out to be BastaS. These lines could be 
escapes of Basta screening or they may be BAR-silenced lines. In F5 and F6 generations 
all the remaining BastaR lines survived the herbicide treatments, clearly indicating that 
the occurrence of BAR gene silencing, if any, in these lines is negligible. 
e copy number of transgene seems to be primarily dependent on the 
transformation method used. Several reports have shown earlier that the BAR gene was 
silenced in monocots particularly when a direct DNA transfer method, such as biolistic-
mediated transgene integration, was used (Rathore et al., 1993; Oard et al., 1996; Kohli et 
al., 1999; Kumpatla and Hall 1998; Wan and Lemaux 1994; Register et al., 1994; Zhang 
et al., 1996; Pawlowski et al., 1998) due to complex multicopy transgene integration. We 
have transformed the rice plants with an Agrobacterium-mediated method, which 
generated starter lines with mostly single copy transgenes and resulted in very low 
frequency of silencing. Similar transformation technique has also resulted in low level of 
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transgene silencing in the R2 generation in rice (Park et al., 1996).  The single copy Ds in 
the insertional lines were maintained due to the fact that we selected these lines against 
the presence of Ac, leading to activity lasting through several generations. Previous 
observations describing inactivation of Ds in multicopy lines in the presence of Ac (Izawa 
et al., 1997; Han, 2002) supports our hypothesis. 
However, in a few cases, silencing was reported to occur even in monocots with a 
single copy transgene (Xu et al., 1995) where heterologous (i.e., foreign) promoters were 
used (Cauliflower mosaic virus 35S and maize ubiquitin promoter). We have utilized the 
endogenous actin1 promoter to drive the bar gene. This setup was likely to contribute to 
the minimal level of silencing in our system. Similarly, minimal bar gene silencing was 
observed when ACTIN1 promoter was utilized in rice (Park et al., 1996) where only one 
line was showing silencing of BAR gene among several lines. Another possible 
explanation for the lack of extensive silencing in our lines could be the position of the Ds 
launching pad in the genome, as the chromosomal location of transgene insertion was 
shown to influence its expression stability in barley (Koprek et al., 2001). Ds-T-DNAs 
have landed in the non-repetitive genomic region in our starter lines (Kolesnik et al., 
2004), where the genome is hypomethylated. Therefore, their chance to be inactivated is 
expected to be lower than in the repetitive DNA or heterochromatic region (Prols and 
Meyer 1992; Kumpatla et al., 1998). 
In order to overcome the problem of silencing, Kim et al. (2004) generated 
independent transposants through tissue culture of F2 plants carrying Ac and inactive Ds 
elements which is highly time consuming. Despite the higher transformation frequency in 
this method, a major limitation was expected; the tissue culture conditions would induce 
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somatic variations leading to potential mutations in the regenerated plants. Thus genetic 
crosses would be advantageous to limit the phenotypic variations. In such cases where 
genetic crosses are preferred, the use of a suitable promoter to drive Ac or selection 
marker, the choice of transformation procedure and of parental or starter lines are 
important factors to be considered. Our results indicate that using endogenous promoters 
such as ACTIN1, Agrobacterium-mediated transformation for gene transfer, and selection 
of single copy parental and insertional lines alleviates the problem of silencing. 
4.8.4 Transpositions timing of Ds elements 
A potential disadvantage of Ac/Ds transposon system is the occurrence of 
secondary transpositions, where Ds is excised from the primary transposed site leaving 
footprints, which might cause mutations (Ramachandran and Sundaresan 2001). These 
mutations are untagged and they complicate phenotypic characterizations. When we 
performed reciprocal PCRs on lines originating from the same F1 plant to identify the 
primary transpositions, we could not recover such footprints. These data indicate that our 
Ds insertion lines possess mostly primary transpositions, which occurred after the tillers 
were formed. One could argue, that we amplified the wild type allele from those plants, 
which are heterozygous for the empty donor site, however the chance for this would be 
remote, as such a template would yield multiple bands in the PCR product, leading to 
noisy sequencing results. Hence different primary transposition events were isolated from 
different panicles from each F1 plant. 
Obtaining the large number of independent transposants is highly desirable in 
order to saturate the plant genome with insertions. The Ac/Ds transposons excise and re-
insert at distinct time during plant development, the timing of transposition defines how 
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many independent Ds lines can be produced from a single cross. If the Ds transposes late 
(i.e. after tiller formation), then independent insertions could occur among siblings of 
different tillers from the same plant. In order to study this phenomenon in detail F1 plants 
were subjected to GUS staining to determine the somatic transposition frequencies. The 
majority of our lines showed sparsely distributed GUS sectors in leaves but not at 
seedling stage, indicating that the Ds was active only during late stages of development. 
In tobacco, however, when similar CaMV 35S-transposase fusion was used, plants 
showed large green sector at the seedling stage (Scofield et al., 1992). In addition to this, 
when F2 seeds of each panicle from the same F1 plant were analyzed for the 
transposition events our results confirmed the presence of independent events in the 
majority of lines. By screening 70 panicles of 21 F1 plants we obtained 45 independent 
transposition events. This observation gave a strong indication that transposition occurs 
after tiller formation in rice and this is in agreement with previous study, which 
concluded that Ds tends to transpose during panicle development (Ito et al., 2004). Early 
transposition was induced in rice when Ac was expressed under native promoter adjacent 
to CaMV 35S double enhancer element (Greco et al., 2001). On the other hand, in our 
system Ds transposed very late in the development of the rice when the Ac element was 
driven by CaMV 35S promoter similar to the results obtained by Ito et al. (2004). Besides 
the expression pattern of the promoter, the selection of single copy Ac parental lines or 
the T-DNA insertion position in starter line may have also played a role in Ds 
transposition late in rice development. The actual mechanism underlying this 
phenomenon is yet to be uncovered. 
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Therefore we propose that in rice and possibly in other monocots-sibling analysis 
from different panicles of the same F1 plant should be carried out to determine whether 
these lines harbor independent transposition events. This harvesting technique in 
combination with multiple rounds of ratooning (Chin et al., 1999) could yield substantial 
increase in independent transposants. This study provides evidence that Ds did not 
undergo silencing in the starter and insertion lines and the primary transposition occurs 
late in rice, moreover it also validates this system as a favorable tool for functional 
















Identification and Phenotypic characterizations of Rice oscyp96b4 
mutant 
5.1  Background 
The discovery and isolation of useful natural mutants and their variants in rice 
breeding have taken many years with considerable effort. Currently several approach like 
classical and insertional mutageneses have been used to generate mutants (Evans, 1962; 
Walbot, 1992). These mutants were screened to identify plants with improved agronomic 
traits and the genes that were responsible for such traits have been isolated as well. 
Among these traits the plants height is one of the important agronomic traits of rice and 
of these dwarf and semi-dwarf mutants have been studied extensively (Kurata et al., 
2005). The semi-dwarf rice variety Dee-geo-woo-gen (DGWG) from china is well known 
as a parent in developing the semi-dwarf high yielding variety IR8 a leader of the green 
revolution, hence named green revolution rice (IRRI 1967; Spielmeyer et al., 2002). The 
mutation in the SD1 gene causes semi-dwarf phenotype due to the alteration in 
gibberellin level and this gene has been positionally cloned and identified as gibberellin 
20-Oxydase (Spielmeyer et al., 2002). 
Various factors may contribute to the dwarfism in plants, but recent molecular 
genetic studies using dwarf mutants of Arabidopsis and other dicot species revealed that 
gibberellin (GA) and brassinosteroid (BR) are the most important factors in determining 
plant height (Hong et al., 2003). It is well known that in rice and other grasses, BR and 
GA-deficient or insensitive mutants show the similar dwarf phenotype as observed in 
dicots (Ashikari et al., 1999; Itoh et al., 2001; Hong et al., 2002). Several genes that were 
affected in these mutants showed to be involved in plant growth hormone biosynthesis 
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and are listed in table 5.1. Among these, dwarfs D2 encodes a brassinosteriod C-3 
oxidase (Hong et al., 2002) and D35 encodes an ent-kaurene oxidase (Itoh et al., 2004) 
and both of them were cytochrome P450 monooxygenases(CYPs). 
CYPs are a family of membrane-bound heme-containing proteins, found in both 
eukaryotic and prokaryotic organisms. They were first discovered in 1955 in rat liver 
microsomes and are characterized by an intense absorption band at 450 nm in the 
presence of carbon monoxide. These proteins mediate a wide range of redox reactions 
involved in the biosynthesis of plant hormones and secondary metabolites including 
synthesis of Gibberellins (GA), Brassinosteroid (BR), lignins, UV protectants, pigments, 
defense compounds, fatty acids, and signaling molecules. In addition, CYPs also 
participate in the detoxification of endogenous and exogenous toxic compounds (Schuler 
et al., 2003). 
The CYPs constitute one of the largest super gene families in rice, consisting of 
455 members (including 99 pseudogenes) and the functions of most of these genes are 
still unknown (Nelson et al., 2004). These genes were classified into 10 clans of which, 
four of them have multiple gene families namely CYP71, CYP 72, CYP85 and CYP86 
and the remaining six clans consist of single family including CYP51, CYP74, CYP97, 
CYP710, CYP711 and CYP727 (Nelson et al., 2004). The clan CYP86 has seven families 
namely CYP86, CYP94, CYP96, CYP704, CYP730, CYP731 and CYP732. Functions of 





Table 5.1: List of genes and their encoded proteins which are involved in plant 
hormone metabolism 
 
Genes Encoded proteins References 
Dwarf1 GTP binding protein Ashikari et al., 1999 
d-2 Brassinosteroid C-3- oxidase Hong et al., 2003 
d18 GA3 ß-hyroxylase Itoh et al., 2001 
D35 ent-kaurene oxidase Itoh et al., 2004 
SD1 GA20oxidase Spielmeyer et at., 2002 
GID F-box protein of ubiquitin ligase E3 Ueguchi-Tanaka et al., 2000 
















Such studies revealed that this sub-family functions as fatty acid ω-hydroxylases 
(Benveniste et al., 1998; Wellesen et al., 2001; Duan et al., 2005; Rupasinghe et al., 2007 
and Hofer et al., 2008) but functions of other sub-family has yet to be determined. The 
CYP96 family in the clan CYP86 has eight sub-families namely CYP96A, CYP96B, 
CYP96C, CYP96D, CYP96E, CYP96F, CYP96G and CYP96H. The CYP96A sub-
family comprises of fifteen genes in Arabidopsis thaliana. The sub-family CYP96B has 
twelve genes and found in four different plant species including Oats (Avena sativa), Rice 
(Oryza sativa), Catharanthus roseus, and Black cottonwood (Populus trichocarpa) 
(Nelson et al., 2004). The functions of this subfamily are still unknown. However, 
recently, function of one of the CYP96A subfamily members, the CYP96A15, has been 
reported to function as a mid-chain alkane hydroxylase in fatty acid hydroxylation (Greer 
et al., 2007). 
This chapter deals with identification and characterization of a semi-dwarf mutant 
with dark green leaves and reduced grain yield from a visible Ds insertion line screen. In 
this mutant, Ds element was inserted into a CYP gene, designated as oscyp96b4 
according to the P450 nomenclature committee.  
5.2 Phenotypic screening of Ds insertion lines revealed a semi-dwarf mutant 
A large collection of around 16000 homozygous Ds transposants were subjected 
to visible phenotype screening in the greenhouse and field conditions. This investigation 
identified a total of 175 Ds insertion lines with reduced plant height. Of these, one mutant 
whose height was half of the wild type (WT) was selected and characterized further.  This 
semi-dwarf phenotype can be observed from seedling stage with about 45% reduction in 














Figure 5.1: Phenotypes displayed by oscyp96b4 
A) 10-day-old seedlings B) 20-day-old seedlings C) Mature plants WT. 
D) Comparison of WT and oscyp96b4 panicles. 
Table 5.2: Plants height measurements. 
 
Measured stages Wild type (WT) oscyp96b4 
Five leaf stage (cm) 36.10 ± 0.78 12.50 ± 0.54 
Mature stage (cm) 72.30 ± 0.65  37.80 ± 0.45 
No. of florets 71.46 ±1.54 35.42 ± 0.93 
No. of seeds 55.93 ± 1.67   9.86 ± 0.60 
 
The data presented were statistically analyzed and represented as 









This difference in height was consistent throughout the vegetative growth (Fig. 
5.1B) and until plant maturity (Fig. 5.1C, Table 5.2). In addition, the mutant showed 
around 50% lesser number of florets in the panicles and significantly lower seeding rate 
(approximately 18%) compared to the WT plants (Fig. 5.1D, Table 5.2). The mutant 
exhibited lower seeding rate, which could be due to defects in either female or male 
reproductive organs. In order to check this, as a first step, pollen viability and tube 
growth were examined by Iodine/Potassium iodide (I2/KI) staining and in vitro 
germination, respectively. Upon I2/KI staining for starch content, around 79% of mutant 
pollens were stained and WT showed staining around 95%. The WT and mutant pollen 
grains were germinated in vitro, in which mutant germination rate was lower than the 
WT. Around 52% and 14% of germination were observed in the WT and mutant pollen 
grains, respectively (Fig. 5.2, Table 5.3). In the mean time, we made reciprocal crosses to 
check for any defects in the female part and when we used the WT as the pollen donor 
the seed numbers were increased. However, when we used WT as a female parent and 
mutant as the pollen donor fewer seeds were obtained indicating that the male, not the 
female part, is defective.   
5.3 The mutant plant height could be attributed to reduction in cell length 
In order to analyze whether the observed semi-dwarf phenotype was due to a cell 
division or elongation defect, cryo - scanning electron microscopy was performed on leaf 
sheath to observe cell profiles. The cells were widened and overall two layers of cells 
were less in the mutant compared to WT in the scanned area. In addition, the images also 
showed that the cell numbers of the mutant leaf sheath were slightly increased when 














Figure 5.2: Comparisons of I2/KI stained and in vitro germinated pollen grains. The 
arrows indicate the germinated pollen tubes. 
 
Table 5.3: Estimation of stained and in vitro germinated pollen grains. 




Stained pollens 94.5 79.2 








However, the average cell length was reduced around 30% in the mutant’s 2nd leaf sheath 
when compared with the WT suggesting that the prolonged reduction of cell length 
through out the plant growth could have resulted in more cells leading to decrease in 
height of the mutant (Fig. 5.3, Table 5.4). 
5.4 Exogenous BR or GA3 did not rescue the mutant phenotype 
To investigate whether the semi-dwarf phenotype is due to a defect in endogenous 
hormone levels, WT and mutant seeds were germinated in MS (Murashige and Skoog, 
1962) medium supplemented with different concentrations of gibberellic acid (GA3) and 
brassinolide (BL) and the phenotypes exhibited were compared after two weeks.  Overall, 
with the increase in concentration of exogenous BL treatments, both WT and mutant 
showed inhibition of shoot and root growth (Fig. 5.4A). On the other hand, increasing 
concentration of GA3 resulted in increase of shoot and root length in both WT and mutant 
seedlings, respectively. The oscyp96b4 did not show any pronounced effect or sensitivity 
to the hormone treatments when compared with wild type seedlings grown under similar 
conditions (Fig. 5.4B). Five-leaf stage seedlings sprayed with GA3 showed increase in 
plant height, number of nodes and seed setting (Fig. 5.5). Furthermore, when WT and 
mutant seedlings were treated with other hormones (ABA, auxins, cytokinin, methyl 
jasmonate and salicylic acid) exogenously, there were no significant differences between 













Figure 5.3: Cryo-scanning images (400X magnified) of 2nd leaf sheath surface of 
WT and oscyp96b4. Image scale bar is 50µm. 
Table 5.4: Average leaf sheath cell length and width of WT and oscyp96b4. 
  Wild type oscyp96b4 
Cell length (µm) 195.29 ± 54.1 137.18 ± 35.29  
Cell width (µm) 14.18 ± 2.80  16.03 ± 3.26  
Sheath length (cm) 4.69 ± 0.74 3.51 ± 0.46 
 
Cell length measured using 200X magnified images. The cell length was calculated as 
cell length divided by 200X magnified scale bar length and multiplied by scale bar size. 
The data were statistically analyzed and represented as mean ± standard deviation (cell 



























Figure 5.4: Exogenous treatment of plant growth hormones BL and GA3 on two- 
week-old seedlings. X-axis of the bar diagram shows average shoot length upon BL (A) 




















Figure 5.5: Exogenous Brassinolide (BL), GA3 treatment on oscyp96b4 and WT 
seedling. A) Two-week-old WT seedlings treated with BL and GA3. B) oscyp96b4 
mutant seedlings treated with BL and GA3. C) WT seedling treated with the solvent 
100% ethanol (Cont.) and oscyp96b4 mutant seedlings treated with GA3. D) oscyp96b4 
mutant plants were sprayed with GA3 and untreated plant at 4 weeks stage. E) Treated 
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5.5 Ds was inserted into the OsCYP96B4 gene which is a member of the 
cytochrome P450 multi-gene family in rice  
To further investigate the molecular nature of the defect, we obtained the 
Flanking Sequence tagged by the Ds element by TAIL-PCR and sequencing the 
amplified product.  The sequence obtained was subjected to the BLAST search using rice 
genome database which revealed that the Ds element has transposed into the coding 
region of a gene encoding cytochrome P450, designated as CYP96B4 by the P450 
Nomenclature Committee. CYP96B4 gene is located on chromosome 3 in rice (BAC 
clone accession number AC137930). 
This CYP96B4 gene is predicted to be 1.617 kb in size and is devoid of intron 
sequences and the encoded protein is 538 amino acids long, with an estimated molecular 
mass of 60.4 kDa. The Ds element was found to be inserted into the gene at 517th base 
pair corresponding to the position between 172nd and 173rd amino acids of the protein 
sequence in 3’ to 5’ Ds orientation (Fig. 5.6A). Besides classification, the function of 
CYP96 family in rice is yet to be elucidated.  Nine genes constitute the subfamily 
CYP96B (2-10) in rice and five of them (B2, 3, 4, 5 and 9) were localized on the 
chromosome 3 as tandem repeats. Among these genes B4 and B5 shared the highest 
identity at the nucleotide (84%) and amino acid (60%) levels, the phylogenetic tree of 















Figure 5.6: Ds insertion position and phylogenetic tree of CYP96B subfamily A) 
Cartoon representation of Ds insertion position in OsCYP96B4 gene. B) Phylogram of 
OsCYP96B subfamily by amino acids sequences. C) Phylogram of OsCYP96B 
subfamily by nucleotide sequences. 
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5.6 The oscyp96b4 mutant had a single copy of Ds element and its insertion co-
segregated with the semi-dwarf phenotype. 
In order to determine the copy number of the Ds element in the oscyp96b4 
mutant, Southern blot analysis was carried out using genomic DNA isolated from 
homozygous mutant plants. Subsequently, the genomic DNA of WT and oscyp96b4 were 
digested with five different restriction enzymes (ClaI, EcoRI, HindIII, KpnI and PstI), 
blotted on to a nylon membrane and hybridized with GUS probe. The result revealed that 
oscyp96b4 had single copy Ds insertion (Fig. 5.7A). Disruption of OsCYP96B4 by Ds 
element was checked by hybridizing similar membrane with OsCYP96B4 3’UTR region 
probe. The results showed a band shift between the WT and the mutant which confirmed 
the insertion of Ds element in the OsCYP96B4 gene in the mutant genome (Fig. 5.7B). In 
order to check if the mutant phenotype was linked to the Ds insertion, segregation 
analysis was performed. Homozygous mutants were crossed with WT plants and 15 F1 
seeds were obtained. These seeds were germinated and F1 generation was obtained which 
were allowed to self-pollinate to obtain F2 seeds. A total of 188 F2 plants were analyzed 
for the segregation of both phenotypes and their genotypes. Out of these plants, 
approximately, a 3:1 ratio of phenotype segregation was observed, i.e., 54 plants showed 
the dwarf phenotype and the rest were like WT, suggesting that the mutant was recessive. 
In order to confirm the presence of Ds element in these plants, their genomic DNA was 
subjected to PCR using three different primer sets specific to BAR, GUS and sequences 
flanking the Ds insertion site. Fifty-four plants which showed mutant phenotype 
amplified corresponding bands of right size on BAR and GUS PCR, but failed to amplify 
the flanking primer-specific band, confirming that these plants were homozygous. 
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Figure 5.7: Southern blot analysis of DNA isolated from oscyp96b4 and WT. A) 
Geneomic DNA isolated from oscyp96b4 and digested with various enzymes as shown 
above. Blots with the WT (Lane 2, 4, 6, 8 and 10) and oscyp96b4 (Lane 3, 5, 7, 9, and 11) 
DNA was hybridized with GUS probe. B) Blot with WT (Lane 2, 4, 6, 8 and 10) and 
oscyp96b4 (Lane 3, 5, 7, 9, and 11) DNA was hybridized with OsCYP96B4 probe Lane 1 
and 12 are markers (Dig-labeled DNA markers III and VII from Roche) in both A and B. 
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Of the remaining 134 F2 plants, 46 plants were BAR and GUS PCR negatives and 
revealed positive bands upon flanking primer-specific PCR, confirming that these plants 
were segregated nulls (WT). The remaining 88 plants were GUS, BAR and flanking 
primer-specific PCR positives indicating a heterozygous genotype (Fig. 5.8). Thus, 
genetic analysis of oscyp96b4 indicated that the mutation is recessive and the phenotype 
co-segregated with the Ds insertion. 
5.7 Expression analysis of OsCYP96B4  
Despite the fact that the gene trap GUS gene within the Ds element was in the 
right orientation, the expression of glucuronidase could not be detected in the mutant 
plants. Hence, in order to study the expression pattern of this gene, as a first step, RT-
PCR, qRT-PCR and Northern blot analysis (Fig. 5.9A & B) were carried out using total 
RNA isolated from the WT plants. These analyses revealed that the expression of 
OsCYP96B4 was ubiquitous in all tissues tested. However, the transcript level was the 
highest with several-folds increase in the reproductive tissues i.e., in young and mature 
panicles and the lowest level were detected in young and mature roots. In order to check 
the expression in vivo at the cellular level, a synthetic Green Fluorescent Protein (sGFP) 
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Figure 5.9: Expression patterns of OsCYP96B4 gene. A) Bar diagram shows the 
relative amount of OsCYPB4 mRNA level by qRT-PCR. B) Northern blot of 
OsCYP96B4 shows the expression level in the different tissues, dig-labeled 5’UTR region 
of OsCYP96B4 was used as probe. YL, young leaf; ML, mature leaf; YP, young panicle; 
MP, mature panicle; YR, young root; MR, mature root.. C) In vivo expressions of 
OsCYP96B4 at the different tissues by OsCYPB4-Promoter::sGFP.  
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Trasnsgenic plants harboring this construct were subjected to fluorescence microscopy 
which showed GFP expression pattern corresponded to the results from PCR and 
Northern blots, where reproductive tissue showed the highest expression levels (Fig. 
5.9C). 
5.8 Remobilization of Ds element rescued the mutant phenotype 
To confirm the disruption of the oscyp96b4 gene by Ds is indeed the cause for the 
mutant phenotype, reversion experiments were carried out by crossing homozygous 
mutant plants as a female parent to the Ac parental line as the male donor and 60 R1 
seeds were obtained. From these seeds, R1 plants were generated and self-crossed to 
produce R2 seeds. Subsequently, the imbibed R2 seeds were screened for GFP 
fluorescence and the seedlings devoid of fluorescence (negative selection for Ac 
transposase) were selected to check the reversion of the dwarf phenotype (Fig. 5.10A). A 
total of 735 such lines were selected to analyze molecularly the excision of Ds element. 
DNA fragments were amplified by PCR using genomic DNA isolated from these plants 
as templates and specific primers flanking the Ds insertion position. These PCR products 
were sequenced and upon analysis 39 plants showed footprints of varying sizes indicating 
the excision of Ds element from the OsCYP96B4 gene. Out of these plants, 4 of them 
revealed WT growth characteristics and contained either three or nine base pair 
footprints, which add one to three amino acids in frame to the WT OsCYP96B4 coding 























Figure 5.10: Revertant analysis of oscyp96b4 mutant. A) Comparisons of WT, 
Revertant (RV) and Non-Reverted (NRV) plants. B) Footprint analysis of revertant 
plants. RV1 with 3, NRV with 8 and RV2 with 9 base pairs of footprints were shown and 
under line indicates the target duplication base pairs. 
 
R2-205F  GGCCTCCTGCCTTTCCTCGCGCTG      CACGTCGCCGACGCCCGGAAGACGTGCGAC 
R2-205-RC GGCCTCCTGCCTTTCCTCGCGCTG      CACGTCGCCGACGCCCGGAAGACGTGCGAC 
Wt-F  GGCCTCCTGCCTTTCCTCGCG         CACGTCGCCGACGCCCGGAAGACGTGCGAC 
 
R2-13F  GGCCTCCTGCCTTTCCTCGCGCA GTCGCGCACGTCGCCGACGCCCGGAAGACGTGCGAC 
R2-13RC  GGCCTCCTGCCTTTCCTCGCGCA GTCGCGCACGTCGCCGACGCCCGGAAGACGTGCGAC 
Wt-F  GGCCTCCTGCCTTTC         CTCGCGCACGTCGCCGACGCCCGGAAGACGTGCGAC 
 
R2-18F  GGCCTCCTGCCTTTCCTCGCGCTGCTCGCGCACGTCGCCGACGCCCGGAAGACGTGCGAC 
R2-18-RC GNCCTCCTGCCTTTCCTCGCGCTGCTCGCGCACGTCGCCGACGCCCGGAAGACGTGCGAC  




WT RV NRV 
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The remaining plants with varied lengths of foot prints retained the dwarf mutant 
phenotype. This analysis confirmed that the observed mutant phenotype is due to the Ds 
insertion into the coding region of the OsCYP96B4 gene. 
5.9 OsCYP96B4 genetically complements the mutant phenotype  
As an additional confirmation to the revertant analysis, genetic complementation 
of oscyp96b4 mutant was carried out using the WT OsCYP96B4 gene. The genomic 
region of OsCYP96B4 driven by its own promoter fragment (a 2 kb upstream of the start 
codon) was cloned and transformed into the homozygous mutant plants. In addition, in 
this construct around one kb of 3’ end genomic locus from translation termination codon 
of OsCYP96B4 was included. Transgenic plants harboring this construct in mutant 
background showed normal WT characteristics in T0 and T1 generations suggesting that 
this mutant can be genetically complemented using WT OsCYP96B4 gene. Expression of 
the OsCYP96B4 transgene in these plants mimicking WT characteristics was confirmed 
by RT-PCR and qRT-PCR analysis. The RT-PCR products were sequenced and WT 
OsCYP96B4 sequences were found, which confirms that the dwarf phenotype of 























Figure 5.11: Genetic complementation of OsCYP96B4. A) Comparison of genetically 
complemented plant (C3) with non-complemented plant (C8). B) Bar diagram showing 
the relative amount of OsCYP96B4 transcripts. C) Southern blot showing different 
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5.10 Transgenic plants harboring OsCYP96B4 double-stranded RNA interference 
construct mimicked the mutant phenotype 
In addition to the complementation studies, in order to reconstruct the mutant 
phenotype in WT background, double-stranded RNA interference (dsRNAi) construct 
with OsCYP96B4 gene was designed. A unique region of 525 bp from 5’untranslated 
leader sequence plus coding region of OsCYP96B4 were PCR amplified and cloned into a 
dsRNAi vector, pTCK303 and transformed by Agrobacterium-mediated transformation 
into WT background. Several T0 plants were generated of which 5 to 6 independent lines 
were selected for analysis (Fig. 5.12A). These plants showed two different morphologies, 
one mimicking the oscyp96b4 mutant phenotype and the other with WT- like morphology 
(Fig. 5.12A). To check the level of endogenous OsCYP96B4 expression, RNA isolated 
from these plants was subjected to qRT-PCR which showed that OsCYP96B4 mRNA 
levels were decreased dramatically (at least fourfold) in the dwarf plants which mimicked 
the oscyp96b4 mutant phenotype (Fig. 5.12B). In contrast, no significant difference was 
observed at OsCYP96B4 transcript levels between WT and WT-like plants, which may be 
























Figure 5.12: Double-stranded RNA interference analysis of OsCYP96B4. A) 
Comparison of dsRNAi plants with WT and oscyp96b4 mutants. B) Bar diagram showing 
the relative amount of OsCYP96B4 transcripts in the WT, WT-like (T1) and plants 
mimicking the mutant phenotype (D5, D6 and D10). C) Southern blot showing different 
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5.11 Transgenic plants with over-expression of OsCYP96B4 using maize ubiquitin 
promoter exhibited severe growth retardation 
To further investigate and understand the effect of ectopic-expression 
OsCYP96B4 gene on the plant height, transgenic plants harboring a c-myc tagged 
OsCYP96B4 gene under the expression control of strong constitutive maize ubiquitin 
promoter were generated. The majority of T0 transgenic plants showed severely stunted 
growth, while a few plants showed normal features resembling the WT (Fig. 5.13A). 
Total RNA from these transgenic plants were isolated and used as template for qRT-PCR 
to analyze the expression levels of the OsCYP96B4 gene (Fig. 5.13B). The severe dwarf 
plants revealed a higher level of expression than the WT plants while the normal plants 
showed equal or slightly higher expression level compared to the level in WT plants. 
Western blot analysis using c-myc tag revealed higher protein levels in the dwarf plants 
and could not be detected in the normal looking plants, suggesting that in these WT-like 
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Figure 5.13: Ectopic-expression analysis of OsCYP96B4 in the WT background 
under maize ubiquitin promoter. A) Image showing growth retarded OsCYP96B4 
ectopic-expression plant B) Southern blot showing the different integration patterns of 
transgene in the WT background. C) Bar diagrams showing the expression level of 
OsCYP96B4 in WT and ectopic-expression dwarf plants (ECE-S9, ECE-S11 and ECE-
S12) and WT-like plants (ECE-T2 and ECE-T4). D) Northern blot showing the 
OsCYP96B4 transcripts abundance in transgenic plants ECE-S9 and ECE-T2). E) 
Western blot showing OSCYP96 protein level in ectopic-expression plants. OsCYP96 
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5.12 The OsCYP96B4 gene controlled plant height in a transcript dosage 
dependent manner  
Since the OsCYP96B4 ectopic expression of transgenic plants revealed a 
transcript dosage dependent phenotype, the OsCYP96B4 gene under the control of its 
own promoter was over-expressed in WT background (the same promoter was used for in 
vivo expression analysis). Transgenic plants were generated from transformed calli and 
the phenotype exhibited by these plants was characterized in T0 and T1 generations. 
Transgenic plants expressing the OsCYP96B4 transcript showed different phenotypes 
with varying plant heights including severe dwarf, semi-dwarf which were similar to the 
oscyp96b4 mutant and with normal WT height. The RNA isolated from mature leaves of 
these plants was subjected to qRT-PCR to check the level of expression of OsCYP96B4 
transcript. Similar to dsRNAi transgenic plants, there was a transcript level-dependent 
effect on the plant height i.e., the mRNA levels of OsCYP96B4 was lower in those lines 
which mimicked the mutant phenotype, whereas the levels were higher in the plants 
which resembled the WT plants.  In contrast, the lines with severe dwarf phenotype had 
the highest amounts of OsCYP96B4 transcript levels (Fig. 5.14). These results revealed 
















































Figure 5.14: Over-expression of OsCYP96B4 in the WT background under its own 
promoter. A) Comparison of OsCYP96B4 over-expressing plants with WT. B) Southern 
blot showing the different integration patterns of transgene in the WT background. C) 
Bar diagram showing the expression level of OsCYP96B4 in WT and over-expression 
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5.13 Gas chromatography and mass spectroscopy analysis of lipids  
Total lipids extracted from oscyp96b4 and WT (chapter 2.22) were subjected to 
gas chromatography analysis. The results showed minor changes in the C18 fatty acid 
profiles. In order to measure the total lipid content and verify our GC results, lipid 
profiling were performed in KLRC and data showed minor changes in the 36:6 
digalactosyldiacylglycerol (DGDG) levels but the statistical analysis did not show any 


































Figure 5.15: Level of digalactosyldiacylglycerol (DGDG) in WT and oscyp96b4 










5.14 Hetetrologous expression of OsCYP96B4 in Schizosaccharomyces pombe. 
In order to check the effect of OsCYP96B4 protein on cell morphology, we 
ectopically expressed OsCYP96B4 gene in another model organism, fission yeast 
(Schizosaccharomyces pombe), where polarity is well defined. Fission yeast cells are 
cylindrical in shape, which grow by tip extension and divide by medial fission. Over 
expression of OsCYP96B4 lead to formation dumb-bell shaped cells. The cell length to 
width ratio was 4.5 in wild type cells with only the vector plasmid whereas in 
OsCYP96B4 over-expressing cells it was reduced to 3.2. In addition, cells over 
expressing of OsCYP96B4 also showed mis-segregation of chromosomes. In 37.4% of 
cells, the cell division septa cut through the un-segregated chromosomes resulting in the 






























Figure 5.16: Heterologous ectopic-expression in S. pombe. A) Group of S. pombe 
expressing the vector control. B) Magnified view of single vector control cell. C) Group 
of OsCYP96B4 expressing cells with chromosome segregation defect. D) Magnified view 
of ‘cut’ phenotype. E) Cells showing dumbbell shape. F) Over-expression of 
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5.15.1 Screening of Ds insertion lines and identification of a semi-dwarf mutant 
We have used the maize Ac/Ds transposable element system mediated insertional 
mutagenesis for rice functional genomics studies. We have generated and screened a 
large collection of homozygous Ds transposants in the greenhouse and field from which 
several hundreds of altered phenotypic mutants like dwarf, semi-dwarf, tall, abnormal 
panicles, high and low seed yield were identified (Kolesnik et al., 2004; Szeverenyi et al., 
2006; Jiang et al., 2005, 2007 and 2007a). Semi-dwarfism is one of the important traits 
used in crop improvement (Sakamoto et al., 2003).   Semi-dwarf mutants are constantly 
screened for high yield, wind and rain lodging resistant as lodging damages rice yield 
during mature and harvest stages. Even though selected semi-dwarf mutant yielded less, 
it is necessary to understand molecular nature of the semi-dwarfism to develop the elite 
varieties by genetic manipulations which coincide with the view as proposed by 
Sakamoto et al., 2003 in rice. Our molecular analysis showed that the Ds element was 
inserted into a gene which encoded a cytochromeP450, designated as OsCYP96B4 by the 
nomenclature committee and the mutant was named as oscyp96b4 accordingly. 
5.15.2 Semi-dwarf phenotype caused by the reduction in cell length 
To investigate the basis behind the semi-dwarf phenotype of the oscyp96b4 
mutant, we carried out cryo-scanning electron microscopic studies on leaf sheath to 
observe cell files. Our results showed that oscyp96b4 mutant cells length was reduced 
and on the other hand, width of mutant cells was slightly increased, probably to maintain 
the cell volume. As a result, from our SEM data of the scanned area of mutant sheath 
showed two cell rows less compared to WT. Similar observations were made by 
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Ramachandran et al., 2000 when an Arabidopsis profilin gene was under-expressed under 
CaMV 35S promoter using antisense construct. The reduction of cell length throughout 
plant growth may have resulted in decrease of plant height of the mutant. Such a positive 
correlation between the plant height and the cell length has been reported previously in 
Arabidopsis (dwf4) and rice (dwarf11, dwarf and gladius leaf1) mutants which were 
shown to be defective in phytohormone levels and (Azpiroz et al., 1998; Mori et al., 
2002; Komorisono et al., 2005; Szekeres et al., 1996). 
The homozygous oscyp96b4 mutant showed no difference in seed germination 
and root growth when compared with WT. However, upon maturity, the mutant plants 
showed reduced spikelet fertility and panicle size resulting in fewer seeds. In order to 
check the possible reasons for reduced fertility, the viability and germination efficiency 
of pollens of oscyp96b4 were determined by I2/KI staining and in vitro germination, 
respectively. The staining showed oscyp96b4 mutant pollens according to International 
Rice Research Institute (IRRI) scales and codes (IRRI-Knowledge bank). In contrast the 
germination efficiency of mutant pollen was low compared to WT which explains the 
reduction in spikelet fertility in the oscyp96b4 mutant. Since the female sterility could 
also result in reduction in seed numbers, we tested the fertility of female reproductive 
organ by reciprocal crossing. More fertile seeds were obtained when we used oscyp96b4 
mutant as female parent, suggesting that the female reproductive organ might be normal 





5.15.3 The mutant oscyp96b4 is responsive to plant growth hormones 
brassinosteriod and gibberelic acid  
Phytohormones such as gibberellins and brassinosteroids have been reported as 
important regulators of plant heights (Ashikari et al., 1999; Itoh et al., 2001; Spielmeyer 
et al., 2002; Sakamota et al., 2004; Margis-Pinheiro et al., 2004; Choe et al., 2000; Hong 
et al., 2002 and 2003; Mori et al., 2002). To check the effect of hormones on the growth 
of oscyp96b4 mutant, we have applied the hormones (Brassinolide and GA3) 
exogenously. Upon brassinolide treatment, both the WT and mutant seedlings showed 
overall growth suppression due to the reduction in shoot and root length. On the other 
hand, GA3 application resulted in elongation of shoot and root in both the WT and mutant 
seedlings, however, did not completely rescue the mutant phenotype in these experiments 
as well as when the GA3 was sprayed continuously. 
Though a majority of the GA biosynthesis mutants were reported in several plant 
species including peas (Hedden et al., 1999; Davidson et al., 2003), Arabidopsis (Sponsel 
et al., 1997; Helliwell et al., 1998, 1999), rice (Aoki et al., 2002; Sakamoto et al., 2004) 
and  these results were extensively reviewed by Shinjiro Yamaguchi (2008), the 
OsCYP96B4 gene which we identified was not reported in the GA biosynthesis pathway 
suggesting that this may encode a new enzyme in the pathway or may not be involved in 
GA metabolism.  
5.15.4 Single copy of Ds element insertion had disrupted OsCYP96B4 gene 
In oscyp96b4 mutant, single copy of Ds insertion was detected by Southern blot 
analysis. We used GUS as probe to detect the copy number of the Ds elements in the 
oscyp96b4 because the GUS gene was cloned between the 5’ and 3’ Ds elements. 
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Flanking Sequence Tag isolated from this line showed that the Ds element had transposed 
into the only ORF of a cytochrome P450 gene termed OsCYP96B4. To reconfirm that the 
Ds element had disrupted the OsCYP96B4 gene, the mutant DNA were subjected to PCR 
using Ds and the flanking region-specific primers. This analysis showed that the 
appropriate bands were amplified confirming the insertion into this gene. Additional 
confirmation was carried out using the WT and oscyp96b4 mutant DNA by Southern blot 
analysis using OsCYP96B4 3’UTR region as a probe. The results showed a band shift 
between WT and mutant DNA which confirmed that the OsCYP96B4 gene had Ds 
element insertion in the oscyp96b4 mutant (Fig. 5.7). Additional confirmation was to link 
the phenotype with the Ds insertion, segregation analyses were performed using F2 
population where segregated as WT like and semi-dwarf phenotype with the segregation 
ratio at 3:1 and is statistically significant as shown by χ2 test with a P value at 95% level 
of confidence. This result indicated that this phenotype was controlled by a single genetic 
locus. Segregation analysis is a necessary step for linking phenotype and mutation caused 
by the Ds insertion, but not sufficient.  The phenotype could be due to a footprint in 
another gene(s) within the same genetic locus as a result of primary Ds transposition 
(Chin et al., 1999). In order to show that the Ds and the mutant phenotype co-segregate, 
in another series of experiments, DNA samples from all segregation individuals were 
subjected to PCR analyses to detect their genotypes at the Ds locus. The segregating 
populations were showed three different genotypes. Of these, the normal looking plants 
were either without Ds element or heterozygous for Ds insertion. In the meantime, all the 
semi-dwarf plants showed homozygous genotypes. These results indicated that the Ds 
element co-segregated with the mutant phenotype and that the mutation was recessive. 
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5.15.5  Spatial and temporal expression pattern of OsCYP96B4  
Expression of OsCYP96B4 was analyzed by RT-PCR, Northern, qRT-PCR and 
promoter GFP fusion analyses in different tissues from various stages of plant growth. 
All these analysis revealed that the OsCYP96B4 was expressed in all the tissue tested 
with high level of expression in the reproductive organs including young/mature panicles 
and low levels in the vegetative tissues. The level of expression in the mature panicle was 
higher than that in leaves. In contrast, the roots showed minimal level of expression. 
These results suggest that OsCYP96B4 may function in all tissues but predominately in 
young panicles which correlates with the reduction in number of spikelets and seeds in 
the mutant. 
5.15.6 Revertant and genetic complementation 
One of the greatest advantages of Ac/Ds transposon system over T-DNA insertion 
mutagenesis is that the stably inserted Ds element can be remobilized in the presence of 
Ac. During this mobilization the footprints are left as ‘scars’ in the gene sequence and 
when these footprints are in frame with the coding sequence the revertants show WT 
characteristics (Ramachandran and Sundaresan 2001). We have obtained revertants by 
remobilizing the Ds element from OsCYP94B4 gene by crossing the homozygous 
oscyp94b4 mutant with the Ac parental line. Upon remobilization of Ds element the 
revertants showed two different phenotypes. One showed normal plants like WT with 3 
or 9 bp footprints in frame to the coding sequence and the other mimicked the mutant 
phenotype where 7 or 8 bp footprints which encoded a non-functional protein. Genetic 
complementation of mutant with the native gene sequence has been used to confirm the 
phenotype caused by the knockdown or knockout gene function (Chin et al., 1999; Zhu et 
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al 2003; Szeverenyi et al., 2006). As an addition confirmation to the revertant analysis, 
we have complemented the oscyp96b4 mutant with the native OsCYP96B4 gene. These 
transgenic plants showed WT characteristics.   
5.15.7 Double-stranded RNA interference analysis of OsCYP96B4. 
In order to efficiently knock out the endogenous genes of various species, RNAi 
has been used as an efficient tool (Wang et al., 2004). We attempted to recreate the 
OsCYP96B4 mutant phenotype by RNAi approach. Transgenic plants carrying RNAi 
construct showed three independent single-copy T-DNA plants with mutant and one plant 
with WT characteristics. Expression analysis of OsCYP96B4 gene in these plants 
revealed a dosage dependent phenotype i.e. plants with normal characteristics had 
OsCYP96B4 levels similar to the WT levels and the plants with mutant phenotype had 
reduced levels.  
5.15.8 Ectopic expressions of OsCYP96B4 showed dosage depended phenotype 
Ectopic expression of OsCYP96B4 using strong maize ubiquitin promoter in the 
WT background resulted in multiple phenotypes in plant heights including normal 
looking plants like WT and plants with severe growth retardant. The expression analysis 
by qRT-PCR revealed that plant height and transcript levels of OsCYP96B4 showed a 
negative correlation. For example, when transcript levels were high the plants were 
severely dwarf and when the levels were low, the plants showed normal characteristics. 
These expression dosage-dependant phenotypes were also observed among transgenic 
plants carrying OsCYP96B4 driven by its endogenous promoter (2kb upstream to the start 
codon of OsCYP96B4), further confirming the correlation between the expression dosage 
and resulted phenotypes. Similar negative correlation was reported when rice EUI 
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(Elongated Unppermost Internode) gene encoding a cytochrome P450 monooxygenease 
that functions as a deactivator of bioactive gibberellins was ectopically expressed under 
rice GA3ox2 and GA20ox2 gene promoters (Zhang et al., 2008).  
5.15.9 The functions of clan 86 of cytochromeP450s where the OsCYP96B4 is 
grouped. 
The OsCYP96B4 belongs to clan CYP86 family of genes, from which a few 
genes has been reported to encode for fatty acid hydoxylases (Benveniste et al., 1998, and 
2006; Wellesen et al., 2001) and one gene from an homologous gene family in 
Arabidopsis CYP96A15 was recently reported to encode MIDCHAINALKANE 
HYDROXYLASE1 (Greer et al., 2007).  Wellesen et al (2001) showed that the dwarfism 
observed in the Arabidopsis LACERATA mutant defective in a cytochrome P450 
monooxygenease (with a medium chain fatty acid hydroxylase function) could be due to 
the defect in the cutin biosynthesis leading to organ fusions. Since our mutant shows 
semi-dwarf phenotype and OsCYP96B4 belongs to the same clan (CYP86) similar to 
LACERATA, OsCYP96B4 may be involved in modification of fatty acids. In support of 
the information on OsCYP96B4’s involvement in fatty acid modification, our 
heterologous expression of OsCYP96B4 in S. pombe showed mis-segregation of DNA, 
resembling a well characterized cut6 mutant (Hirano et al., 1986), encoding acetyl CoA 
carboxylase, a key enzyme for fatty acid sythesis in S. pombe. In addition, there was a 
formation of dumb-bell shaped cells in the OsCYP96B4 over-expressed cell populations 
that resembled a mutant called lsd1 (Saitoh et al., 1996), and lsd1 encodes for fatty acid 
synthetase. Interestingly, similar observations with respect to cell length and width were 
seen in oscyp96b4 mutant leaf sheath suggesting a possible role of our gene in fatty acid 
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metabolism. To identify the possible role of OsCYP96B4 in fatty acid modifications, we 
performed GC analysis, which showed a slight difference in the long chain unsaturated 
fatty acid between WT and the mutant. To reconfirm these results GC/MS analysis of 
total lipid extract from WT and mutant was carried out by KLRC-KSU (http://www.k-
state.edu/lipid/lipidomics/index.htm). However, there were no significant differences 
between WT and the oscyp96b4 mutant lipid profiles. 
On the other hand, the level of gibberellins in the WT and mutant were measured 
in Dr. Shinjiro Yamaguchi’s lab at RIKEN Plant Science Center, Japan 
(http://labs.psc.riken.jp/cgdrt/English/index.html). The preliminary results showed that 
GA levels of oscyp96b4 mutant were different from WT levels (Table 5.6). GA1 and GA8 
levels were reduced when compared with WT. However, elevated levels of GA4, GA9, 
GA12, GA15, GA20, GA24, GA44 and GA53 were observed in the mutant, especially for the 
level of GA4 (Table 5.6). The elevated level of GA4 was also reported in rice dwarf 
mutants compared to WT (Kobayashi et al., 1989) and Choi et al. (1995) reported that 
reduced GA1 resulted in retardation of shoot growth in rice seedlings. Taken together, it 
is concluded that multiple genes have been involved in GA metabolism which in turn 
regulate plant development including its height. However, further experiments are 







Table 5.6: Levels of GAs in WT and oscyp96b4 
 













Plant GA12 GA15 GA24 GA9 GA4 
WT 0.01 0.02 ND 0.26 0.29 
oscyp96b4 0.33 0.89 3.97 0.74 1.68 
 GA53 GA44 GA20 GA1 GA8 
WT 0.16 0.21 0.24 0.47 0.06 
oscyp96b4 0.38 0.37 0.96 0.33 0.02 
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In conclusion, by a genome-wide search we have identified 17, 31 and 103 genes 
from three different multi-gene families including GRAM-domain, RIP-domain and 
WRKY-domain, respectively. Several members of these families have been shown to be 
functionally necessary to combat various stresses. We have analyzed the expression 
patterns of these genes (by qRT-PCRs, Northern blots and analyzing transgenic plants 
harboring promoter-reporter constructs) in various tissues grown under normal condition 
and under different stresses like abiotic, biotic and phytohormones treatments.  From 
these analyses, we have identified genes seven genes (1 gene from GRAM-domain 
family, 3 each from RIP and WRKY-domain family) were expressed only under stressed 
conditions. These genes are potential candidates to develop rice varieties with improved 
tolerance to all the stresses. To further this study, this selected list of genes can be over 
(ectopic) - or under expressed (antisense or RNAi) in rice in a marker free method to 
develop multi-stress tolerant rice varieties to alleviate constrains of rice production due to 
environmental stresses. In addition, orthologues of these genes can be obtained in other 
cereals and their expression levels be altered to improve these crops with increased 
tolerance to stresses. 
In addition to this, we have generated and studied the behavior of two component 
Ac/Ds transposable elements system in rice. Our Ac/Ds parental and stable Ds transposant 
lines did not showed any pronounced silencing of Ds elements or transgene.  The post-
tillering transpositions of Ds elements were identified. From this pool of Ds transposants 
a seme-dwarf mutant (oscyp96b4) was selected and characterized molecularly. Studies of 
mutant and the OsCYP96B4 gene showed that this gene is control the plant height in a 
dosage dependent manor. To overcome the lodging problem the generation of semi-dwarf 
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plants is one of the ways. The control of plant height by OsCYP96B4 can be utilized to 
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